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Abstract
The magnetic properties of several rare earth orthoferrites single crystal samples,
RFeO3, were studied in this project. RFeO3 compounds show unique spin dynamics,
such as reversal of spin (spin flip), spontaneous spin reorientation process and fieldinduced magnetic transitions. Understanding the exchange interactions behaviour
of R-Fe ions through magnetic measurements improves our ability to manipulate
spins, and that will be useful for emerging spintronic materials. The effect of R3+
ions on the magnetic moment of RFeO3 (NdFeO3, ErFeO3, YFeO3, HoFeO3) along
b-axis (Mb) was studied in a wide temperature range. Mb was found to be non-zero
generally below ~ 200 K with the highest Mb (~10–3 μB/f.u.) in the spin reorientation
temperature region and below. This work refines previous measurements showing
a very small but detectable non-zero Mb using magnetic measurements techniques.
While neutron techniques do not have good enough sensitivity to detect this small
Mb.
The magnetic properties of RFeO3 single crystal doped with another type of rare
earth can give more details about the Fe-R and R-R magnetic interactions. New
features can be obtained through that doping, such as the twofold spin reorientation
and spin phase transition with applied high fields. Dy0.5Pr0.5FeO3 single crystal, a
doped RFeO3 studied in this project, has two different types of R (Dy, Pr). The
interaction R-R was found to be the strongest below their antiferromagnetic
ordering temperatures of Dy3+ and Pr3+ (below 5 K). However, this interaction still
happens even at higher temperatures (~15K). Below the ordering temperature of
Dy3+ spins, the interaction between Dy3+ and Pr3+ spins has a significant effect on
the magnetic moment of Dy0.5Pr0.5FeO3. Measuring these samples along the
crystalline a- and b-axes at temperatures below ~10 K display a fast increasing in a

i

magnetic moment with cooling in small magnetic fields.

The symmetry

considerations cannot agree with that increasing of magnetic moment for these
systems; so, it cannot be a spontaneous property of these crystals. Only polarization
of rare earth spins by an external magnetic field can explain that increasing in
moment.
Applying magnetic field along the crystalline a-axis for Dy0.5Pr0.5FeO3 can induce
a transition between magnetic phases. The transition occurs at high fields in
temperatures range 2-14 K. The transition temperature increases by incresing the
applied magnetic field. This transition is not due to the long-range ordering of rare
earth spins, however short-range interactions of Dy3+ and Pr3+ spins are important.
Along the a-axis, the high field-induced transition can happen in different way for
DyFeO3 and Dy0.5Pr0.5FeO3. For DyFeO3, the transition happens due to Γ5 to Γ2
change in the Dy3+ spins, and it occurs only below the ordering temperature of Dy3+
spins. For Dy0.5Pr0.5FeO3, the transition of the rare earth spins is not necessarily
from their Γ5 phase, but from either Γ1, Γ5 - Γ8 phases. Field-induced transition for
Dy0.5Pr0.5FeO3 occurs above the long-range ordering temperature of the rare earth
spins as a result of the short-range interactions between Dy3+ and Pr3+.
The temperature dependence of R3+ moment (MR) was studied in details in a wide
temperature range below the spin reorientation temperature, with field applied
along a-axis for NdFeO3 and ErFeO3 single crystal samples. The spin-flip
phenomenon occurs for these crystals because the moment of R3+ spins aligns in the
opposite direction to Fe3+ spins. The behaviour of Er3+ and Nd3+ moments was
studied through the spin-flip process. It was found that the spin-flip process occurs
abruptly if the spin-flip temperature is way above the ordering temperature of R3+
spins (above ~ 15K, as observed for ErFeO3). Alternatively, a gradual spin-flip
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process occurs when the spin-flip starts at a temperature closer to the long-range
ordering temperature of R3+ spins, as for NdFeO3 crystal. In both cases, the same
dMR/dT vs T was obtained before and after the spin-flip process, indicating that the
mechanism of polarization of R3+ spins does not change in the spin-flip process.
The temperature dependence of MR for Er3+ and Nd3+ in RFeO3 was obtained
experimentally, by subtracting the magnetic moment of Fe3+. Measuring RFeO3
with non-magnetic rare earth ions, for YFeO3 and LuFeO3 crystals, enabled
obtaining the temperature dependence of magnetic moment of Fe3+. The behaviour
of MR finally was compared and fitted using two different models, one based on
paramagnetic polarization of R3+ spins by internal fields and the other one based on
anisotropic exchange interactions between magnetic ions in RFeO3. An equally
good fit to the experimental MR(T) was obtained for both models with too small
difference between the fits to allow for a reliable distinction between the two
models at the measured temperatures.
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Chapter 1

General introduction
This chapter presents the historical facts and important information about the rare
earth orthoferrite materials, RFeO3. It starts with the magnetism and magnetic
materials and then goes on to explain the spintronic materials, which represent the
basis of spin materials. Understanding the spins can help us to understand the spin
behaviour of RFeO3. Then, some historical information about multiferroic materials
is given: some of the rare earth orthoferrites are multiferroic. In the end, about a
brief introduction is provided to rare earth orthoferrites and why it is important to
measure and understand them.
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1.1 Background
1.1.1 Magnetism and magnetic materials
Many years ago, lodestone was discovered in Magnesia, Anatolia, pieces of it were
called magnets from where they were first found. They were composed of a
compound that is now known as magnetite (Fe3O4). Lodestone has a natural
magnetism that could attract iron when it is near it. From that time until now,
magnetism and magnetic materials have been studied intensely by many scientists
and researchers [1, 2], including Gilbert, Oersted, Ampere, Faraday and Maxwell.
All were very interested in observing and explaining magnetic behaviour by
understanding the relationship between electrical current and the magnetic moment,
starting from the pioneering idea of the magnetic field to tieing the phenomena of
electricity and the magnetism together [2-4] The atomic theory of magnetism in
solids was established in the 20th century after the electron was discovered in 1896
and further developed with quantum mechanics [5, 6].
The classic model of the atom described the magnetic dipole as a result of the
circular path of the electron, which acts as a current loop as it orbits around the
nucleus [6]. Quantum mechanics, however, describes the magnetic dipole as an
intrinsic property of the electron, and it is intuitively perceived as due to currents
created by the spinning of a charged particle (charge spinning). Therefore, the spin
is the interesting magnetic property of the electron. Dirac described the spin as an
automatic property of the relativistic nature of electrons. Spins can also be found in
fundamental particles such as protons and neutrons.
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There are different classes of magnetic materials, depending on the interaction
between spins of the constituent atoms in these materials, or on the response of
these spins to an external magnetic field [7]:
1-Paramagnetic Materials: In these materials, the magnetic moment is oriented
randomly so that no spontaneous magnetization can be found (Figure 1.1(a)).
Applying a magnetic field, however, will align the moment along the field and
produce a net magnetic moment in the same direction as the field. Tungsten and
aluminium are clear examples of paramagnetic materials.
2- Diamagnetic Materials:

Atoms in diamagnetic materials do not have

spontaneous magnetic moment. Applied magnetic field induces a magnetic moment
in them that is in opposite direction to the field. Glass and bismuth are examples of
diamagnetic materials.
3- Ferromagnetic Materials: The ferromagnetic materials show a strong
spontaneous magnetization as a result of the mutual alignment of magnetic
moments, as shown in Figure 1.1(b). Transition metals such as cobalt, iron, and
nickel are examples of ferromagnetic materials.
4- Antiferromagnetic materials: The antiferromagnetic materials have two
ferromagnetic sublattices aligned in opposite directions [8], as shown in Figure
1.1(c). No spontaneous magnetization can be found in these materials due to the
alignment of opposing magnetic moments, which cancel each other.
Antiferromagnetic materials can show a weak ferromagnetic moment, however,
when the spins are canted as a result of an applied external magnetic field.
Alternatively, internal interactions can produce spin canting, resulting in a
spontaneous non-zero magnetic moment despite the underlying antiferromagnetic
3
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coupling of the spins. The rare earth orthoferrites (RFeO3), hematite (Fe2O3), and
the transition-metal ceramics are examples of antiferromagnetic materials.
5-

Ferrimagnetic

materials:

Ferrimagnetic

materials

are

similar

to

antiferromagnetic materials except that one of the sublattices has a smaller spin (i.e.
magnetic moment) than the other one, as shown in Figure 1.1(d). Therefore, a small
spontaneous magnetization can be found in these materials, similar to ferromagnetic
materials. The most famous example of ferrimagnetic materials is lodestone.

Ferromagnetic

Paramagnetic

net magnetization

no net magnetization
(b)

(a)
Antiferromagnetic

Ferrimagnetic

net magnetization

no net magnetization

(c)

(d)

Figure 1.1. Different kinds of magnetic ordering in different magnetic materials.
The arrows signify the directions of the atomic magnetic moments.
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1.1.2 Spintronic materials, multiferroic materials, and rare
earth orthoferrites
1.1.2.1 Spintronic Materials
“Spintronics” means spin transport electronics or spin-based electronics. Spintronic
does not describe the charge of the electron; it describes the electron spin, and that
spin can provide useful information about the materials [9].
In 1922 Walther Gerlach and Otto Stern [10, 11] discovered the quantization of the
intrinsic angular momentum, or spin, of the silver atom. Although the concept of
electron spin was introduced in 1924 by Wolfgang Pauli [12], the potential use of
electronic spin in new devices was not considered until 1975, when Julliere [13]
discovered the tunnelling magnetoresistance (TMR ) in insulating, ferromagnetic,
and semiconductor magnetic tunnel junctions (MTJ). Recently, spintronic materials
are used in many technologies such as magnetic hard–disk technology and play a
key role in developing and generating new information technology [14, 15].
Spintronic materials were first discovered after many years of studies on magnetic
multilayers. Spintronics utilizes the idea of using the magnetic (spin) and electrical
(charge) properties of the charge carriers [16]. For a long time, the spin of the
electron was neglected in favour of current charge-based electronics. Recently, the
field of spintronic materials has grown significantly as a result of the most important
applications of these materials[9]. New devices with a fast performance depend on
the concept of combining the spin and charge of the electron. The advantages of
these new devices are unique, increase the data processing speed, decrease electric
power consumption, and increase transistor density compare with conventional
semiconductor devices. Many avenues of research have been explored on the
5
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benefits of using semiconductors and diluted magnetic semiconductors as
spintronic materials [9].

1.1.2.2 Multiferroic Materials
The multiferroic materials refer to a class of materials that have at least two ferroic
properties,

such

as

ferromagnetism,

ferroelectricity,

ferroelasticity,

or

ferrotoroidicity in one single homogeneous phase [17]. The materials that display
both ferromagnetism (antiferromagnetic) and ferroelectricity are considered as the
most interesting materials because we can control their magnetic properties by
changing the electric field and vice versa [8, 17, 18], as shown in Figure 1.2. As a
result, these materials show a strong magnetoelectric (ME) coupling which has
numerous potential uses in device applications[16].

Multiferroic
Ferroelectric

Ferromagnetic

Electrically
Polarisable

Magnetically
Polarisable

Magnetoelectric
Figure 1.2. The Venn diagram shows different types of materials with multiferroic
states. This figure was adapted from [18].
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The combination of multiferroic materials with spintronics must give us the benefits
of both functionalities (for example, ferromagnetism and ferroelectricity) for free.
In addition, the incorporation also adds new functionalities as a result of the
coupling between the two orders. Therefore, the polarization and magnetization
could be controlled by a magnetic field or electric field, respectively, depending on
the concept of coupled magnetism and ferroelectricity [16]. Ferroelectric memories
with non-destructive magnetic reading and magnetic random access memories
(MRAM) with an electrical writing procedure (MERAM) [19, 20] have been
obtained as a result of the coupling of magnetism and ferroelectricity.
Multiferroic materials are rare, and they are mostly antiferromagnetic or weak
ferrimagnets

[21],

although

coupling

between

ferromagnetism

and

magnetostriction could be obtained artificially [22-24]. Multiferroic materials, in
general, have a perovskite structure with the formula ABO3. Distortion of the
perovskite structure distortion can occur, depending on the relative sizes of the
ABO3 atoms. The low–symmetry phases, such as orthorhombic and tetragonal
phases, represent a distortion in the perovskite structure. A non-colinear structure
is one of the outcomes of the interaction between two different types of magnetic
atoms in multiferroic perovskite materials. One class of such non-colinear
perovskite structures, which is antiferromagnetically ordered, is the orthorhombic
rare earth orthoferrites, RFeO3 [25].

1.1.2.3 Rare earth orthoferrites
After the concept of a new form of magnetism, antiferromagnetism (AFM), was
described by Néel in 1932, many types of research in the 1940s and 1950s focused
on the features and properties of materials that had this new type of magnetism. The
7
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rare earth orthoferrites, which have the chemical formula RFeO3 (where R = rare
earth) emerged from this effort. In 1954 Néel and Pauthenet first worked on the
powder polycrystalline forms of RFeO3, while in 1956 Remeika[26], and Geller[27]
were the first researchers to work on single crystal form of RFeO3. Using different
magnetic measurements, the structure of RFeO3 was found to crystallise in an
orthorhombically distorted perovskite and belong to the D2h16 –Pbnm space group
with four distorted perovskite units in each unit cell. The G-type1 of
antiferromagnetism was confirmed by Koehler et al. using neutron diffraction
measurements [28, 29]. A small amount of magnetization could be created by some
ferroelectric distortion in antiferromagnetic materials, such as RFeO3, as a result of
Dzyaloshinskii–Moriya

(DM)

interaction.

This

outcome

explains

the

ferroelectrically induced ferromagnetism in multiferroic materials [30]. Some rare
earth orthoferrites, such as DyFeO3, GdFeO3, SmFeO3, and YFeO3, show amazing
magnetoelectric and multiferroic features [31]. The rare earth orthoferrite materials
are excellent materials for experimental studies for many reasons, such as having a
high Neel temperature (620-740 K), AFM order, and having only trivalent iron in
one crystal site, which could be obtained in single crystal form with high perfection.
The magnetic structure of the iron moments in the orthoferrites can be visualized
as a two-sublattice system with strong antiferromagnetic coupling that is slightly
canted by interfering interactions to create a small ferromagnetic moment
perpendicular to the antiferromagnetic axis [32].
Although the direct applications of these materials are very limited, RFeO3 has
recently become a research focus around the world for developing multiferroic
materials with promising applications. The multiferroic orthoferrites RFeO3 have

1

. G-type of antiferromagnetism is described in Chapter 2, p. 27.
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these applications due to their magnetic transitions and magnetic ordering. Their
existing and promising applications include: catalysis [33, 34], gas separating fuel
cells [35], sensing [36], magneto-optical devices [37], electromagnetic equipment,
environmental monitoring [38], and advanced information storage [39]. The
multiferroic properties of RFeO3 orthoferrites have been widely reported in recent
years [40, 41]. Tokunaga et al. reported that DyFeO3 single crystal shows gigantic
magnetoelectric phenomena and spontaneous polarization below the second Néel
temperature, TN2 [42]. Lee et al. reported that the canted AFM ordering causes
extraordinary polarization in SmFeO3[43].
The rare-earth orthoferrites show unusual magnetic properties. In their canted
antiferromagnetism, there are two genuine first-order phase transitions
corresponding to the ordering temperatures of the iron and rare-earth, respectively.
This material displays large antisymmetric exchange interactions, very small
anisotropy of Fe spins in the a–c plane, and large anisotropy along the b axis[44].
Their remarkable magnetic properties include spin reorientation (SRT), in which
the ordered spin systems rotate spontaneously with respect to the crystal axes as the
temperature changes [45], the antiferromagnetic transition of Fe (TN1), the
compensation effect at a critical temperature (Tcomp) (as two sublattices with
different M(T) behaviour cancel each other out), the ordering of R (TN2), and weak
ferromagnetism (canted antiferromagnetism) [44, 46] .

1.2 Statement of research
1.2.1 Research aims
This thesis aims to focus on examination of the magnetic properties of rare-earth
orthoferrites RFeO3. These materials are interesting for many reasons. Firstly, their
9
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use as multiferroic materials, which have a promising future in new generation of
spintronic materials. Secondly, RFeO3 compounds show unique spin dynamics and
exchange interactions, such as reversal of spin and the spin reorientation process.
Studying the interactions of the R-Fe ions through magnetic measurements for a
deeper understanding of them improves our ability to manipulate spins, and that
will be useful for emerging spintronic materials.

1.3 Original contributions of the thesis
The work in this thesis consists of several original contributions to the field of
magnetic properties of rare earth orthoferrites RFeO3. They include:


Establishing experimentally a small net magnetic moment along b-axis for some
crystalline rare earth orthoferrites. This moment is much smaller than the moments
along a- and c- axes, beyond the resolution of neutron techniques and it was just
possible to establish it experimentally using sensitive magnetic measurements. This
finding modifies slightly the already well-established magnetic structures of rare
earth orthoferrites (Chapter 4 ).



Determining the effects of the interactions between the rare-earth ions on the
magnetic moment of the co-doped single crystal through a comparative study
between DyFeO3, PrFeO3 and Dy0.5Pr0.5FeO3 single crystals. It was found that the
interaction between rare earth spins affects the magnetic moment of the co-doped
single crystal up to ~ 15 K, some 10 K higher than the typical ordering temperatures
of rare earth spins (Chapter 5).



A field-induced abrupt change of magnetic phase of rare earth spins was observed
for Dy0.5Pr0.5FeO3, which does not exist for DyFeO3 and PrFeO3. A similar
transition could be found in DyFeO3 sample along a-axis, but only below Dy3+
10
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ordering temperature. The transition temperature of DyFeO3 has opposite field
dependence that already known field-induced transition for DyFeO3 (Chapter 5).


The spins of rare earths were found to be polarized by the external field for DyFeO3,
PrFeO3 and Dy0.5Pr0.5FeO3 single crystals at low temperatures (Chapter 5).



Temperature dependence of rare earth magnetic moment, MR, (for NdFeO3 and
ErFeO3) was obtained experimentally. The MR(T) was compared with two different
models: one was based on paramagnetic polarization of rare earth spins by internal
fields and the other was based on anisotropic exchange interactions between the
magnetic ions. In the temperature range of this experiment, both models give
equally good agreement with the experiment ( Chapter 6).



Two types of spin-flip process were established. When the spin-flip occurs at
temperatures substantially higher than the ordering temperature of rare earth spins,
it is abrupt. When the spin-flip occurs within ~10 K above the ordering temperature
of rare earth spins, it is more gradual (Chapter 6).

1.4 Structure of the thesis
Following this introductory chapter, Chapter 2 gives a brief literature review of the
magnetic properties of RFeO3, such as their magnetic structure, magnetic phase
transitions, magnetic interactions, their spin reorientation transitions, and lastly, a
brief literature review of each single crystal system measured in this work. Chapter
3 discusses the experimental instruments used in this thesis with the principles
behind each apparatus. Chapter 4 outlines the non–zero spontaneous magnetic
moments along the crystalline b–axis for rare earth orthoferrites. Chapter 5
discusses the magnetic interaction between Pr3+ and Dy3+ spins and their spin
11

Chapter 1. Introduction

reorientation induced by the magnetic field in Dy0.5Pr0.5FeO3 single crystal. Chapter
6 explains the interaction between R3+ ions and Fe3+ ions in it different temperature
range for ErFeO3 and NdFeO3 single crystals. Chapter 7 provides a general
conclusion to this thesis by highlighting the main findings and suggesting the future
outlook for the research that was covered.

12
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Chapter 2
Literature review
This Chapter is a literature review of the properties of rare earth orthoferrites. It
describes the structure, magnetic configurations, and magnetic interactions in these
materials. This Chapter also focuses on the spin reorientation transitions, as there
are many features resulting from this type of phase transition.
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2.1 Introduction
The rare earth orthoferrites, RFeO3 (R = rare earth, Fe = iron, O = oxygen), have
crystallographic pseudo-unit cells. One iron ion, one rare earth ion, and three
oxygen ions can be found in each unit cell of RFeO3. Four such units are needed to
form a unit cell, as described in Section 2.2. At the beginning of the twentieth
century, rare earth orthoferrites materials were produced in laboratories for the first
time and have been produced by different synthetic methods up to the present, as
they do not exist in nature [27, 47-53].
In 1950 H. Forestier and G. Guiot-Guillain [47] used a heating process (up to 1300
K) on a stoichiometric mixture of oxides containing Fe (FeO3) and R (R2O3). They
thus obtained the first powder form of rare earth orthoferrite materials. In the same
year, Remeika used a method depending on the absorption of two oxides at high
temperature to obtain a single crystal form of RFeO3. Remeika described a method
to synthesize single crystals by using PbO as a solvent and called it a flux method
[26]. The single crystals that were produced by the flux method might have some
impurities, but they still had good quality in general. The floating zone method was
used by A.M. Balbashov and S.K. Egorov in 1981 to obtain single crystal RFeO3.
A seed crystal was put in contact with a polycrystalline RFeO3 rod. The area around
the single crystal was heated together with the polycrystalline rod, using a strong
lamp [54]. The rod melted locally at high temperature. The lamp was slowly moved
along the rod, melting new sections of the rod, while the section of the rod near the
seed crystal was cooled down slowly. Single crystal RFeO3 started growing at the
seed crystal, as it cooled down from above the melting point. High quality, large
single crystals can be grown by this method. The RFeO3 single crystals in this thesis
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were grown by this method at Shanghai University by Prof. S. X. Cao’s group [55,
56]. Further details on this method are given in Section 3.1.2.
The first work on RFeO3 established two main areas of research focus:
1.

By first using magnetic torque measurements [49, 57-59], a weak

ferromagnetic moment was confirmed in RFeO3. Due to the different sublattice
ordering of iron ions (antiferromagnetic ordering) and rare earth ions (not ordered
until very low temperature), however, the mechanism behind this was not
immediately clear.
2.

The early spin reorientation observations were conducted through

studying the temperature dependent and reversible rotation of the spin system from
alignment along the a-axis to the c-axis and vice versa for different RFeO3 samples
[27, 57, 60].

2.2 Rare earth orthoferrite structure
The crystalline structure of RFeO3 looks like the perovskite structure, as is shown
in Figure 2.1(a), but with a clear distortion that depends on the size ratio between
Fe and R [61]. In 1956, Remeika [26] and Geller [27]were the first to produce and
study the structure of a single crystal of an ABO3 compound. By studying single
crystal GdFeO3, Geller confirmed that the rare earth orthoferrite compounds
crystallise in an orthorhombically distorted perovskite structure that belongs to the
D2h16 –Pbnm space group with four distorted perovskite units in each unit cell. This
distortion in the perovskite structure occurs as a result of the size difference between
Fe3+ and R3+ ions. The structural distortion of RFeO3 is inversely proportional to the
size of the R3+ ions [27]. Figure 2.1(b) and (c) shows the distortion of the ideal
perovskite structure of rare earth orthoferrites as a result of different ion sizes and
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the data based on measurements of Geller. This figure was also inspired by similar
drawings [27, 62].
(a)
(b)

(c)

Fe3+
R3+

O2-

Figure 2.1. (a) The cubic crystallographic unit cell of an ideal perovskite, (b) distortion of the
ideal perovskite structure due to the Fe 3+ and R3+ ion size mismatch. The arrows show in which
direction the ions move in the distortion. (c) The orthoferrite unit cell. This figure was adapted
from [27, 62, 86].

The perovskite structure can be described by the ABO3 formula where B is Fe and
A is a rare earth element. Generally, RFeO3 can adopt a distorted perovskite
structure and that distortion depends on the atomic number of the rare earth element
and the lattice constant ratio b/a, which increases from 1.017 for PrFeO3 to 1.064
for LuFeO3, where a and b are lattice parameters [63]. The difference between the
ideal cubic perovskite and the orthorhombic perovskite is shown in Figure 2.2 [25,
64].
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R3+ Fe3+
(a) Cubic

(b) Orthorhombic

Figure 2.2. Perovskite distortion from (a) cubic, a = b = c, for an ideal perovskite. (b)
Orthorhombically distorted perovskite, a  b  c. This figure was adapted from [25, 64].

Koehler et al.[28, 29] studied the structure of RFeO3 using neutron diffraction
measurements. Each Fe3+ ion is surrounded by six antiparallel Fe3+ ions as close
neighbours. Every Fe3+ ion is surrounded by six O2- ions surround one Fe3+ ion, and
they are arranged in tilted FeO6 octahedra, as is shown in Figure 2.2(b). The RFeO3
distorted perovskite structure can be calculated by the Goldschmidt tolerance factor
(t) which given by Equation (1.1) [61, 65]:
t=

𝑟𝑅 +𝑟O

(1.1)

√2 (𝑟𝐹𝑒 +𝑟O )

where 𝑟𝐹𝑒 , 𝑟𝑅 , and 𝑟O are the radii of the Fe3+, R3+, and O2− ions, respectively. The
Goldschmidt tolerance factor is t ≈ 1 for the cubic ideal perovskite structure. The
perovskite distorted structure has a Goldschmidt tolerance factor in the range of
0.75 < t < 1 [65]. For the rare earth orthoferrites and from Table 2.1, the Goldschmidt
tolerance factor is in the range of 0.822 < t < 0.904. The Goldschmidt tolerance
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factor increases with increasing R radius, which results in decreased distortion of
the perovskite, as shown in Table 2.1 and Figure 2.3 [46, 66].

Table 2.1 Goldschmidt tolerance factors t for orthoferrites. rFe = 0.67 Å, rO = 1.32 Å while
the R radii rR are shown in this table. This table was taken from [66, 46].

R

rR ( Å )

t

R

rR (Å)

t

R

rR (Å)

t

La

1.22

0.904

Eu

1.13

0.872

Ho

1.05

0.843

Ce

1.18

0.89

Gd

1.11

0.865

Er

1.04

0.84

Pr

1.16

0.882

Tb

1.09

0.858

Tm

1.04

0.84

Nd

1.15

0.879

Dy

1.07

0.851

Yb

1

0.826

Sm

1.13

0.872

Y

1.06

0.847

Lu

0.99

0.822

Figure 2.3. Goldschmidt tolerance factors in orthoferrites. Inset: undistorted
perovskite elementary cell. This figure was adapted from [46].
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2.3 Rare earth orthoferrite magnetic properties
The rare earth orthoferrites have been classified as magnetic, insulating materials
with a peseudo-unit cell that is made up of one iron ion, one rare earth ion and three
oxygen ions. One of the interesting features in RFeO3 is its magnetic properties. The
neutron diffraction method has been used to study the RFeO3 compounds. The
alignment of iron moment is almost antiferromagnetic at room temperature. Each
iron ion has six nearest neighbour iron ions aligned antiferromagnetically [28, 29].
The existence and combination of two different ions (R3+, Fe3+) in one structure give
RFeO3 spectacular magnetic properties, such as weak ferromagnetism, frustrated
magnetic interactions, different irreducible configurations, magnetic phase
transitions and spontaneous spin reorientation. These magnetic properties initially
sparked the interest of scientists, which has lasted until this day. The magnetic
properties of the orthorhombic RFeO3 series are summarized in Table 2.3 [25]. Each
one of these features will be described in details below. In addition, the
orthorhombic RFeO3 has a non-collinear magnetic ordering which is both spincanted and spin-spiral. This could result in both ferromagnetic and ferroelectric
properties and gives a multiferroicity feature called type II multiferoicity [67],
where the ferroelectric temperature (TFe) = the Nѐel temperature (TN). In the
orthorhombic Pbnm perovskite structure, the spin-canted structure could produce
ferroelectricity. The multiferroicity is due to the symmetric exchange involving the
two different spins of R and Fe [68, 69]. The rare earth orthoferrites, generally,
exhibit a large antisymmetric exchange interaction with a tiny anisotropy of iron
spins in the a-c plane, and a huge anisotropy along the b-axis[70].
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2.3.1 Weak ferromagnetism (WF)
As mentioned in Section 1.1.1, for antiferromagnetic (AFM) materials the spins are
ordered in antiparallel alignment. Therefore, the absence of a net ferromagnetic
moment is predicted for antiferromagnetic materials. In RFeO3 and other transitionmetal oxides, however. a net weak ferromagnetic moment was observed despite the
AFM ordering [59]. Initially, the weak ferromagnetic moment was suggested to
exist along the same axis as the antiferromagnetic order. A study on RFeO3 using
neutron diffraction by Koehler et al.[28], however, showed that the axes of
antiferromagnetic and the weak ferromagnetic order were simply perpendicular. The
weak ferromagnetic moment of ErFeO3 at 300 K, for example, has been found to lie
along the a-axis, while the antiferromagnetic moment was along the c-axis [28]. In
1958, Dzyaloshinsky showed that there is a small canting of AFM ordered Fe3+ ions.
This canting resulted in a weak ferromagnetic (WFM) component, giving a nonzero net magnetic moment [71]. Two years later, Moriya studied the possible
interactions in rare earth orthoferrites. Moriya proposed two possible interactions
occurring in these materials: the single–ion magnetocrystalline anisotropy (SIA)
interaction and the antisymmetric exchange interaction (ASI). For the SIA,
nonequivalent magnetic ions have a different magnetocrystalline easy direction. The
second type of interactions, antisymmetric exchange interaction (ASI), has the form
of Dij·[Si × Sj], where Dij is the exchange interaction intensity constant and Si and
Sj are the two nearest neighbour spins. These spins are perpendicular to the exchange
interaction constant Dij and to each other [72]. The Dij·[Si × Sj] interaction is called
the Dzyaloshinsky-Moriya (D-M) exchange interaction, and it leads to occurrence
of the observed canted spin structure. The D-M exchange interaction shows the
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possibility of using the antisymmetric exchange coupling energy to change the
magnitude or direction of the AFM spins. Therefore, the D-M exchange interaction
leads to a canted spin structure, and it is found typically in materials that have a
super-exchange magnetic interaction through the oxygen bonds. In 1962, D. Treves
studied these two mechanisms using a magnetic torque method in order to find
which one is dominant in rare earth orthoferrites RFeO3 and which one could cause
the weak ferromagnetism (WFM). By studying the free energy dependence on the
spin orientation, the coefficients of the energy terms and the magnetic properties of
the orthoferrites were described. The comparison between the magnitudes of the
obtained coefficients for the two mechanisms showed that the antisymmetric
exchange interactionmechanism plays an important role in rare earth orthoferrites
[60].

c

c
Sj
Sj

WFM

Si

α

WFM

a

a

α
Si

Figure 2.4. Diagrams show two commonly observed configurations of iron spins leading to the
weak ferromagnetic moment in RFeO3. Si and Sj represent the Fe3+ ion spins, which couple
antiferromagnetically. α represents the angle between the antiferromagnetic axis and the canted
spin. The crystalline axes are denoted as a and c. This scheme was adapted from [74].
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In 1965, D. Treves performed Mössbauer spectroscopy on RFeO3 in order to
elucidate its magnetic behaviour and the origin of its WFM. Treves established the
effect of rare earth ions on RFeO3 magnetic behaviour through their geometrical
ionic radii. The canted angle was found to be almost temperature-independent [32],
and the rare earth ions showed paramagnetic behaviour in the temperature interval
between liquid air and the Curie temperature. Near the Curie temperature, there was
a deviation in the Fe sublattice magnetization. Treves also confirmed that the
antisymmetric exchange interaction is responsible for the weak ferromagnetism
[32]. Mössbauer studies were also used to obtain additional evidence on the origins
of the weak ferromagnetism. The canting angle could be calculated from the ratio
between the superexchange force and the perturbing force. The Mössbauer study
confirmed that the canting angle (α) had a constant value for certain temperature
intervals. Therefore, the ratio of the superexchange force to the perturbing force is
temperature independent. As a result of that finding, the antisymmetric exchange
interaction has been accepted as the main factor responsible for the weak
ferromagnetism [73]. Figure 2.4 shows the weak ferromagnetic behaviour as a
result of canted ordering of the antiferromagnetic moments [74, 75].

2.3.2 Magnetic interaction types in rare earth orthoferrites
RFeO3
As was mentioned previously, the RFeO3 magnetic structures display unique
magnetic properties due to the multitude of magnetic interactions. Generally, three
magnetic interactions can be identified as a result of having two different magnetic
ions: Fe3+-Fe3+, Fe3+-R3+, and R3+-R3+. Four Fe3+ ions are needed in the unit cell in
order to describe the observed magnetic properties.
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Firstly, Fe3+-Fe3+ interaction (isotropic superexchange interaction) leads to
orientation of the Fe+3 ion in the opposite direction from its nearest neighbours and
causes the antiferromagnetic configuration described by the vector G(+,-,+,-),
where + and – describe the direction of the spins of the four Fe3+ ions in the unit
cell. The Fe+3 spins are slightly canted, however, due to spin-orbit coupling, so the
weak ferromagnetic moment appears, which is described by the vector F(+,+,+,+).
This spin-orbit coupling causes the antisymmetric D-M interaction, described
earlier, and this spin canting is called overt canting. The magnetic structure of
RFeO3 also allows another two hidden canting types, described by the vectors
C(+,+,-,-) or A(+,-,-,+), resulting in antiferromagnetic alignment [68]. Also, the first
phase transition of Fe3+ spins from paramagnetic to weak ferromagnetic at the Nѐel
temperature occurs as a result of Fe3+- Fe3+ interaction [74].
Secondly, the exchange interaction Fe3+-R3+ is responsible for the fantastic
magnetic properties of RFeO3. This interaction occurs in almost all RFeO3, except
in those with non-magnetic rare earth ions (LuFeO3, YFeO3, LaFeO3,). Because
rare earth ions are paramagnetic, their spins can be polarized, depending on the type
of R3+ ion, parallel or antiparallel to the direction of the weak ferromagnetic moment
[74]. As a result of this kind of interaction, the easy direction of magnetization will
change spontaneously from one crystal axis to another as the temperature varies, in
a temperature range that depends on the type of rare earth. This change in the easy
direction is called a spin reorientation transition (SRT). The spin reorientation
transition represents a second phase transition.
Because the exchange interaction of 3d electrons in Fe is noticeably stronger than
that of 4f electrons in R, the two sublattices show different temperature
dependences, and unique phenomena often arise from the competition between the
23

Chapter 2. Literature review

two magnetic sublattices. Nevertheless, the total magnetization (total ferromagnetic
moment) (M) given by the strong coupling between 3d and 4f electrons includes
contributions from both the Fe and the R sublattices. It can be written as:
M = F + m,

(2.1)

where F and m are the magnetic moments of the iron and the rare earth sublattices,
respectively. m can be expressed as m = χR H0, where χR is the paramagnetic
susceptibility of the rare earth sublattice, and H0 is the exchange field of the rare
earth sublattice produced by the magnetic moment of the iron sublattice. When F
and χR have opposite signs and follow different temperature dependences, from Eq.
(2.1), RFeO3 will show the following phenomena: (i) There is a compensation
temperature Tcomp when M = 0 as |χRH0| = |F|. This can occur when the rare earth
spins are polarized antiparallel to the iron ferromagnetic component, as for ErFeO3
and NdFeO3, for example. On the other hand, HoFeO3 and DyFeO3 do not display
the compensation temperature Tcomp, as they are polarized in a parallel direction to
the weak ferromagnetic moment [74]. (ii) There is magnetization reversal in an
applied field, when the moment of the R or the Fe sublattice dominates the other at
temperatures below Tcomp and the dominant magnetic moment is in the direction
opposite to the magnetic field [76, 77].
Lastly, there is a weak superexchange interaction between the rare earth ions R3+R3+, which causes the third phase transition. This interaction is noticeable below 10
K and results in the R3+ ordering [57]. The ordering of R ions leads to another type
of interesting features in this material such as the multiferroicity [42]. There is also
a much weaker interaction between magnetic dipoles occurring at the boundaries of
the crystals. This leads to the occurrence of magnetic domains, which can be
observed in big enough single crystals[78].
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2.3.3 The irreducible representations of space groups (Г)
Irreducible representations of space groups were proposed by Bertaut [79, 80] to
describe magnetic structures allowed by the symmetry of a particular magnetic
structure. These allowed structures do not necessarily need to be realized in a
particular system, which depends on the interactions between the magnetic ions
occurring in each system. They are a very useful tool, however, limiting the choice
only to the symmetry-allowed structures when interpreting experimental findings.
To study the irreducible configurations in rare earth orthoferrite materials, we need
first to establish the ground state of the magnetic structure of perovskites. Generally,
the isotropic exchange interaction between nearest-neighbouring spins could be
used in perovskite materials, ABO3. Depending on the relative signs of these
interactions, four different types of collinear ordering (F, A, C, G) could be found
as a result of the existing four magnetic B-ions in each unit cell, as is shown in
Figure 2.5(a, b, c, and d) respectively. The collinear ordering is:


F-type, which has spins pointing in the same direction (ferromagnetic (FM)
ordering).



A-type, which has spins pointing in opposite directions in consecutive planes (AFM
ordering of FM planes).



C-type, which has spins pointing in the opposite direction in consecutive lines (AFM
ordering of FM chains).



G-type, which has all nearest-neighbouring spins pointing in the opposite directions
(full AFM ordering).
Therefore, the types of collinear order could be represented by the four orientation
of spins as [25, 79]:
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F = S1 + S2 + S3 + S4,

(2.2)

A = S1 - S2 - S3+ S4,

(2.3)

C = S1 + S2 - S3 - S4,

(2.4)

G = S1 - S2 + S3 - S4.

(2.5)

As a result of the possibility of having three directions for each collinear ordering,
twelve vectors could be reported: Fa, Fb, Fc, Aa, Ab, Ac, Ca, Cb, Cc, Ga, Gb, and Gc.
As previously mentioned, however, the rare earth orthoferrite materials are
described by non-collinear ordering in the Pbnm space group and are driven by the
single ion interaction (SIA) and antisymmetric exchange interaction (ASI).
Bertaut[79] used above notation to label the magnetic structure by specifying types
of ordering, depending on the crystalline direction. Figure 2.5(f) shows the G-type
structure with spins parallel to the a-axis. According to Bertaut’s notation, this is
Ga. If A-type along b-axis is added, the Bertaut notation will describe the structure
as Ga,Ab, which is shown in Figure 2.5(g). The Bertaut notation will be Ga,Ab,Fc
when the F-type structure, along c-axis, is added, as illustrated in Figure 2.5(h) [25,
79, 81]. The indices a, b, c signify the directions along the crystalline axes,
consistent with each of the spin arrangements. Bertaut [79] and Wollan [81] were
the first to describe the magnetic structure of rare earth orthoferrites materials using
the transformation matrices of the spins; they found a way to describe the magnetic
structure through the irreducible configuration Γ of the space group. The basis
vectors in the irreducible configuration Γ have been found, too. The unit cell of
RFeO3 has four Fe3+ ions and four R3+ ions. Depending on Bertaut’s notations
described previously, eight allowed irreducible configurations (Γ1 – Γ8( have been
found in the magnetic structure of orthoferrites[80]. The compatible spin
configurations match the crystal structure, and they are listed in Table 2.2 [74, 80].
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For rare earth orthoferrite materials, the irreducible configurations Γ5 through Γ8
are reported not to occur because experiment gives a net non-zero magnetic moment
on the iron sites. The configuration of Γ3 is also expected not to occur because no
net magnetic moment along the b-axis was observed. [74]. Bertaut implied,
however, that admixture of up to three irreducible representations in a RFeO3
system is allowed. Therefore, there is a possibility to find admixture of Γi (i = 1, 3,
5, 6, 7, 8) with respect to the “main” irreducible representations, either Γ2 or Γ4 [79].
The irreducible representation Γ3 was reported for HoFeO3 with a magnetic field
applied [82], although this is not a spontaneous, but a field-induced magnetic
configuration.
(a)

(b)

F-type

A-type

(c)

(d)

S2

S3

S1
S4

(e)

G-type

C-type
(f)

(g)

(h)

c

b
a
Ga
E-type

Ga Ab

Ga Ab Fc

Figure 2.5. Schematic view of (a) F-type, (b), A-type, (c) C-type, (d) G-type, and (e) E-type
collinear magnetic orders that can be constructed in cubic perovskites ABX3 (where, for the sake
of illustration, spins are directed along the c-axis). (f), (g) and (h) shows the Ga, Ga Ab, and
Ga Ab Fc non-collinear orders. This figure was adopted from [25].
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Over the years, experiments showed there are just three “main” irreducible
configurations are available for rare earth orthoferrites, Γ1, Γ2, and Γ4, which are
illustrated in Figure 2.6[31]. The Γ1 configuration does not have a net magnetic
moment, and the antiferromagnetic vector G is allowed to be parallel to the b-axis,
Γ1 (Aa, Gb, Cc). Configuration Γ2 is characterized by the net magnetic moment
vector F pointing along the a-axis and the antiferromagnetic vector G pointing
along the c-axis, Γ2 (Fa, Cb, Gc). If the net magnetic moment vector F rotates from
the a- to the c- axis, the transition from Γ2 to Γ4 occurs. [74, 83].
Table 2.2. The rare earth orthoferrites magnetic symmetry groups and spin configurations.
This table was adapted from [74].

Magnetic symmetry group

Compatible spin configuration

Fe3+ ions

R3+ ions

Irreducible representation

D2h(D2h) mmm

Γ1

AaGbCc

oaobcc

D2h(C2h) mmm

Γ2

FaCbGc

facboc

Γ3

CaFbAc

cafboc

Γ4

GaAbFc

oaobfc

D2h(D2) mmm

Γ5

OaObOc

gaaboc

D2h(C2) mmm

Γ6

OaObOc

oaobac

Γ7

OaObOc

oaobgc

Γ8

OaObOc

aagboc

𝐴𝑗 → 𝑆1𝑗 = −𝑆2𝑗 = −𝑆3𝑗 =𝑆4𝑗

𝐹𝑗 → 𝑆1𝑗 = 𝑆2𝑗 = 𝑆3𝑗 =𝑆4𝑗

𝐶𝑗 → 𝑆1𝑗 = 𝑆2𝑗 = −𝑆3𝑗 =−𝑆4𝑗

𝑂𝑗 → 𝑆1𝑗 = 𝑆2𝑗 = 𝑆3𝑗 =𝑆4𝑗 = 0

𝐺𝑗 → 𝑆1𝑗 = −𝑆2𝑗 = 𝑆3𝑗 =−𝑆4𝑗

The irreducible representation configuration Γ4 (Ga, Ab, Fc) is considered the major
phase and called the symmetric phase, because the magnetic moment points along
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one of the symmetry axes of the crystal [84]. Generally, Γ1 (0), Γ2 (Fa), and Γ4 (Fc)
are used to identify the configuration and the net moment associated with it in the
simplest form. These configurations are sufficient to organize most of the observed
spin configurations in the RFeO3 orthoferrites, excluding the transition regions and,
in some cases, at very low temperatures, where a more complex ordering sets in
under the effect of the R-R interaction [74].

z

z

z

(b)

(a)

(c)
x

y

y
x

y

x

Figure 2.6. Allowed spin configurations in the rare earth orthoferrites: (a) Γ1 configuration, (b) Γ2
configuration, (c) Γ4 configuration. This figure was adapted from [31, 132].

2.3.4 The magnetic phase transitions
The rare earth orthoferrites RFeO3 display different types of magnetic phase
transitions triggered by changes in temperature or applied field. The magnetic phase
transitions can be divided into three types; each phase transition type is driven by
specific magnetic interactions.
Firstly,

there

are

magnetic

phase

transitions

from

paramagnetic

to

antiferromagnetic (AFM) at the Nѐel temperature TN. The Nѐel temperature range
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(640-760 K), depending on the R ion, is generally determined by the Fe3+-Fe3+
superexchange interaction, which was mentioned in Section 2.3.2.
Secondly, there are spin reorientation transitions (SRT), which show the change
from one ordered magnetic configuration to another (e.g. Γ4 to Γ2). Therefore, the
SRT results in gradual energy changes leading to a second order phase transition,
and they are driven by Fe-R exchange interactions [68]. This interaction causes
canted antiferromagnetic ordering of iron ions, as described previously in Section
2.3.2. The SRT is very interesting, as it occurs through interaction between ordered
Fe3+ and non-ordered (but polarized) R3+ spins. Details of this process are still
unclear. There are different kinds of SRT, depending on the R, so the SRT will be
addressed in more detail later.
Thirdly, there is ordering of R3+ ions at a very low temperature (less than 5 K),
which is driven by R3+-R3+ interactions. Overwhelmingly, changes in the magnetic
configuration of the Fe3+ sublattice and doubling the magnetic unit cell result from
the ordering of rare earth ions [85, 86].

2.3.5. Spin reorientation transition (SRT)
2.3.5.1 Temperature-induced spin reorientation transition
As mentioned above, the spin reorientation transition is a type of magnetic phase
transition. The spin reorientation transition (SRT) is a spin rotation that occurs when
the easy axis of magnetization for the iron sublattice spontaneously rotates by 90º
from one crystallographic axis to another upon varying the temperature [87].
Spin reorientation has been found in many compounds having magnetic R3+ and Fe3+
ions. On the other hand, LaFeO3, YFeO3, and LuFeO3 do not display the spin
reorientation[58]. At high temperature, for all orthoferrites, the polarization of the
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rare earth ions is very weak, so it cannot contribute to the magnetic moment or
anisotropy. By cooling RFeO3 down, however, the rare earth polarization will
increase, and therefore, the magnetic moment or anisotropy will increase. This
causes an SRT by the Fe-R interaction mentioned above. There are several
techniques that have been used to monitor the spin reorientation transition, such as
neutron diffraction, microwave absorption, magnetic torque, and optical
spectroscopy [74]. Using torque measurements, the SRT was observed as a rotation
of the net magnetic moment [49, 57, 59]. Rotation of the AFM-ordered iron spin
sublattice was also indicated as the spin-reorientation mechanism using neutron
diffraction measurements [58, 88]. The absence of anomalies in specific heat
measurements indicated that the SRT is not a crystallographic transition [89]. There
are two different mechanisms that describe the SRT in general [74]:
1- A continuous and coherent rotation of whole spins with changing temperature.
2- A discontinuous rotation in localised domains, where the domain volume ratio
is a function of temperature. The first model that described the SRT mechanism was
based on the dynamic anisotropy change related to temperature change [87]. The
model was improved by Shane et al. by adding the concept of competition between
the fourth order anisotropy field, which is temperature independent, and the internal
fields [90]. The preferred magnetic moment direction is selected by the magnetic
anisotropy. The temperature variation of this anisotropy controls the easy axis
rotation process [91]. Yamaguchi developed a comprehensive model, which shows
that the anisotropic magnetic interactions between the iron ions and the rare earth
ions are mostly responsible for both the abrupt and the continuous SRT. The spin
reorientation temperature (TSR) could be determined depending on antisymmetric,
anisotropic-symmetric, and anisotropic characteristics of the magnetic interaction
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between rare earth ions and iron ions [68]. The antisymmetric and anisotropicsymmetric exchange interactions produce an effective field that acts in a different
direction for each Fe3+ sublattice. Generally, these interactions try to rotate the spins
lattice back to the antiferromagnetic configuration. Due to this model, the SRT
occurs when the interaction energy between Fe3+ spins effectively overcomes the
anisotropy energy of the system. Yamaguchi [68] and White [74] reported four types
of spin reorientation configuration for RFeO3:
Firstly, the most common configuration for RFeO3 at high temperature is
described by the irreducible configuration Γ4 (Ga, Ab, Fc). On cooling down, the
spin reorientation (SR) starts at T1 after the easy axis of magnetization starts rotating
from the c-axis to the a-axis, and the irreducible configuration will become Γ2 (Fa,
Cb, Gc) at temperature T2. This type of SRT occurs for RFeO3 where R = Nd, Tb,
Ho, Er, Tm, or Yb. In addition, this type of SR has been found in RCrO3 where R =
Sm, Gd. This rotation occurs in the temperature interval T = [T2, T1] through the
tilted phase Γ24 (Fac, Gac). The SRT can be represented on cooling as [46, 92]:
Γ4 (Ga, Fc) → Γ24 (Gac, Fac) → Γ2 (Fa, Gc)

(2.6)

This can be described through two second-order phase transitions: Γ2- Γ24 and Γ24Γ4, which occur without any lattice distortion in the SR area [92]. This transition
was confirmed by L.T. Tsymbal et al.[46] and Yuan et al.[93], and can be well
described by the modified mean field theory.
Secondly, the SR occurs if there is an abrupt change in the easy direction of
magnetization from the a-axis with spin configuration Γ4 (Ga, Ab, Fc) at T1 to the baxis with spin configuration Γ1 (Aa, Gb, Cc) at T2, and this configuration persists
down to low temperature. This transition is a first-order transition and is called the
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Morin transition. DyFeO3 and CeFeO3 are the only rare earth orthoferrites that have
this type of spin reorientation transition [49, 89, 94-96]. In some complicated system
cases, as in DyFeO3, both first and second order phase transitions could be
found[97].
Thirdly, some RFeO3 crystals have no phase transition. So, the spin configuration
Γ4 (Ga, Ab, Fc) persists to low temperatures. This type of RFeO3 crystal has nonmagnetic R ions, such as Y, Lu, and La. Therefore, there is an absence of the Fe-R
magnetic interaction [98].
Lastly, some rare earth orthoferrite samples, such as GdFeO3, EuFeO3, and PrFeO3
have a spin configuration Γ4 (Ga, Ab, Fc) at a high temperature. This configuration
persists to low temperatures, however, without showing SR, even though the Gd3+,
Eu3+, and Pr3+ are magnetic ions [99].

700
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Temperature (K)
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400
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100
0
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Ce
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Nd Sm Eu Gd Tb

Dy Ho Er Tm Yb Lu

Figure 2.7. Nѐel (blue symbols) and spin-reorientation (red symbols) temperatures for the Fe
order in RFeO3 perovskites. Blue circles, red circles, and squares indicate the establishment of
Γ4, Γ2, and Γ1 upon cooling, respectively. The reorientation Γ4 → Γ1 (R = Ce and Dy) is abrupt,
whereas Γ4 → Γ2 (rest of compounds) is continuous. This figure in adapted from [25].
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Table 2.3. Magnetic moment properties of orthorhombic RFeO3. This table was adapted from
[25].
R3+

𝑇𝑁𝐹𝑒 (𝐾)

𝑇𝑁𝑅 (𝐾)

Fe-order

La

738

_

𝐺𝑎 𝐴𝑏 𝐹𝑐

Ce

719

1.8

𝐺𝑎 𝐴𝑏 𝐹𝑐 →

Pr

700

7.6

𝐺𝑎 𝐴𝑏 𝐹𝑐 →

Nd

687

1.5

𝐺𝑎 𝐴𝑏 𝐹𝑐 →

Sm

675

Eu

671

_

𝐺𝑎 𝐴𝑏 𝐹𝑐

Gd

661

2.5

𝐺𝑎 𝐴𝑏 𝐹𝑐

Tb

650

3

𝐺𝑎 𝐴𝑏 𝐹𝑐 →

Dy

645

4

𝐺𝑎 𝐴𝑏 𝐹𝑐 →

Ho

661

4-5

𝐺𝑎 𝐴𝑏 𝐹𝑐 →

Er

640

4.4

𝐺𝑎 𝐴𝑏 𝐹𝑐 →

Tm

630

˃ 0.8

Yb

630

2.0-4.6

𝐺𝑎 𝐴𝑏 𝐹𝑐 →

Lu

623

_

𝐺𝑎 𝐴𝑏 𝐹𝑐

R-order

_
220−245 (𝐾)

50 (𝐾)?

No

𝐴𝑎 𝐺𝑏 𝐶𝑐

𝐹𝑎 𝐶𝑏 𝐺𝑐

100−170 (𝐾)

450−480(𝐾)

𝐺𝑎 𝐴𝑏 𝐹𝑐 →

𝐹𝑎 𝐶𝑏 𝐺𝑐

𝑐𝑏

3.7

𝐹𝑎 𝐶𝑏 𝐺𝑐

𝑔𝑎 𝑎𝑏
3−8 (𝐾)

𝐹𝑎 𝐶𝑏 𝐺𝑐

30−50 (𝐾)

50−58 (𝐾)

87−97(𝐾)

80−95 (𝐾)

𝐺𝑎 𝐴𝑏 𝐹𝑐 →

1.5−15 (𝐾)

34

𝑇𝑐𝑜𝑚𝑝 (𝐾)

𝐴𝑎 𝐺𝑏 𝐶𝑐

𝐹𝑎 𝐶𝑏 𝐺𝑐

𝐹𝑎 𝐶𝑏 𝐺𝑐

𝑎𝑎 𝑔𝑏

𝑔𝑎 𝑎𝑏

𝑓𝑎 𝑐𝑏

𝑐𝐶

46

𝐹𝑎 𝐶𝑏 𝐺𝑐

𝐹𝑎 𝐶𝑏 𝐺𝑐

No

No
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Landau theory describes the SRT phenomenologically very well [100], using the
free energy equation:
F(θe) = F0 + K2 sin2θe + K4 sin4θe

(2.7)

Where F0 represents the isotropic free energy, θe is the angle between the easy axis
of magnetization and the a-axis, K2 is the second order anisotropy constant, and K4
is the fourth order anisotropy constant. The free energy function F(θe) shows the
following global minima [87]:
𝜃𝑒 =

𝜋
2

𝜃𝑒 = 0

𝑖𝑓 𝐾2 ≤ 0 ,

(2.8)

𝑖𝑓 𝐾2 ≤ −2 𝐾4 ,
−𝐾2

𝜃𝑒 = arcsin √ 2𝐾4

(2.9)

𝑖𝑓 − 2𝐾4 ≤ 𝐾2 ≤ 0

(2.10)

Depending on the sign of K4, Horner and Varma confirmed a way to describe the SR. When
K2 has a positive value; the SRT proceeds continuously by rotating the weak ferromagnetic
vector F from a-axis
at T1 to the c-axis at T2. This type of transition is also called a second order phase transition
from Γ4 to Γ2. When K2 has a negative value, there is an abrupt jump of the spins, which is
called a one phase transition from Γ4 to Γ1. The anisotropy constants K2 and K4 control the
free energy [87]. The anisotropy constant K2 in TmFeO3 increases rapidly with increasing
temperature, while K4 is almost constant [101]. The substantial magnetic properties of the
rare earth orthoferrite materials RFeO3 with the possible spin reorientation transition
induced by changing temperature are summarised in Figure 2.7 and Table 2.2 [25].

2.3.5.2 External field-induced spin reorientation transition
The second way to induce a spin reorientation transition is by applying a magnetic
field in a specific direction. The field-induced SR at a fixed temperature was studied
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by neutron diffraction by Koehler et al. in ErFeO3 and HoFeO3 in fields up to 10
kOe. Their results suggest structural domain transformations during the SR, but
many details were missing, since they studied powders and they considered the
structure as cubic to interpret the magnetic ordering [28]. Durbin et al.[102] and
Jacobs et al.[98] studied field-induced spin reorientation in YFeO3 single crystal
sample. They applied a magnetic field along the AFM axis of the iron ions, which
gave a continuous spin reorientation in YFeO3. The single crystal YFeO3 was
considered a good example among RFeO3 because of an absence of magnetic
interaction between Fe3+ and Y3+. Therefore the applied field along the AFM axis
gave information on the single-ion anisotropy of Fe3+. Using Mössbauer
measurements, Durbin et al.[103] studied the temperature dependence of the fieldinduced spin reorientation in single crystal GdFeO3. They confirmed that there was
a continuous SR by applying a field higher than the critical field along the AFM
axis. The SR took place continuously with increasing magnetic field. At
temperatures of 293, 77, 4.2, and 2 K the critical applied field which causes the spin
reorientation transition was 7.6, 8.1, 1.2, and 0.7 T, respectively. The RFeO3 also
exhibit spin-flop reorientations as result of applied magnetic fields. When a critical
field was applied along the easy axis with a weak anisotropy, a continuous or abrupt
spin-flop took place in a perpendicular direction to the applied field. A continuous
spin reorientation (second-order phase transition) resulted from the applied
magnetic field in canted AFM materials, while the abrupt spin reorientation (firstorder phase transition) resulted from the applied magnetic field in pure AFM
materials. Brown et al.[104] studied the field-induced spin reorientation in YbFeO3
at 4.2 K. The spin-flop was confirmed by applying a magnetic field along the easy
axis (c-axis), causing a rotation of the Fe spins into a direction perpendicular to the
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applied field, although applying the magnetic field along the a and b crystal axes
resulted in a spin reorientation into a direction parallel to the applied field. This spin
reorientation was discussed in terms of the Fe-Yb interaction. In 1980, Prelorendjo
et al., by using Mössbauer measurements, confirmed the possibility of finding
another phase transition in DyFeO3 that was induced by applying a magnetic field.
This phase transition occurs between Γ2 and Γ1 through the canted configuration
Γ12 [105].
In 1987 Eremenko confirmed the existence of a complicated field-induced phase
transition which occurs between Γ2 and Γ4 through the Γ12 and Γ24 configurations in
DyFeO3:
Γ4 (Ga, Fc) → Γ24 (Gac, Fac) → Γ12 (Fa Gb, Gc) → Γ2 (Fa, Gc),

(2.11)

where Γ12 (Fa, Gb, Gc) is a spin configuration with vector F parallel to the a-axis
and G lying in the (b, c) plane. In this transition sequence, the Γ24 to Γ12 transition
is a first-order phase transition. The relationship between Dzyaloshinskii-Moriya
antisymmetric exchange and isotropic exchange interactions could be the reason for
this type of transition [97].
Johnson et al.[106] studied the field-induced spin reorientation transition in
orthoferrite single crystals of DyFeO3, HoFeO3, and ErFeO3 using Mössbauer
spectroscopy measurements. Two types of field-induced spin reorientation
transitions were confirmed. Firstly, the spin-flop at a critical field 𝐻flop when the
spins were rotated to a perpendicular direction to the applied critical field 𝐻flop. The
critical field could cause a gradual transition and was calculated for the canted spin
system as:
1

𝐻flop = 2 [ −𝐻𝐷 + (𝐻𝐷2 + 8𝐻𝐸 𝐻𝐴 )1/2],
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where 𝐻𝐷 is the Dzyaloshinsky field, and 𝐻𝐸 and 𝐻𝐴 are the exchange field and the
appropriate anisotropy field, respectively. Secondly, the “spin-screw” type
reorientation took place when the field was applied on a non-canted spin system.
The applied field will cause a “screw” spin reorientation by rotating the AFM vector
in the plane perpendicular to the applied field. This type of spin can be observed
only in DyFeO3 single crystal, and it was given by [106]
𝐻screw = (2𝐻𝐸 𝐻𝐴 − 𝐻𝐷2 )/𝐻𝐷 .

(2.13)

Despite what DyFeO3 shows, the two spin types of reorientation (spin-flop and spin
screw) depend on the direction of the applied field. ErFeO3 and HoFeO3 did not
show the flopping transition as a result of the high anisotropy field 𝐻𝐴 , even at low
temperature. HoFeO3 shows another type of spin reorientation, however, induced
by a critical field applied along the b-axis that causes a transition from the c-axis to
the b-axis [106].

2.4 Rare earth orthoferrite single crystals studied in this
thesis:
2.4.1 ErFeO3
ErFeO3 is one of the rare earth orthoferrites that have been studied extensively over
many years. Single crystal ErFeO3 has interesting properties, such as a spin
reorientation transition, compensation point, and spin-flip transition [58]. In 1958,
Bozorth et al.[49] studied the spin reorientation process in many types of RFeO3
single crystals, using M-T measurements in the temperature range from 300 to 1.3
K. The SR was confirmed in ErFeO3 by measuring the spontaneous magnetization.
Using different measurement techniques, such as neutron scattering [107], sound
velocity[84], AC susceptibility [99], and optical spectroscopy [58], a second order
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spin reorientation phase transition in ErFeO3 has been confirmed, within the
temperature interval of 88 K – 97 K. The compensation temperature, at which the
net magnetic moments of the Fe3+ and Er3+ spins are of the same magnitude, but in
opposite directions was obtained as ~ 45 K. The antiferromagnetic structure of
ErFeO3 was first studied by Koehler et al.[28] and then by White et al.[74]. The
magnetic structure of single crystal ErFeO3 is summarized in Table 2.4[108].
Table 2.4. Magnetic structure of ErFeO3. This table was adapted and modified from [108].
T (K)

Fe (4b) sublattice

Er (4c) sublattice

…

References

620-100

𝐺𝑎 … 𝐹𝑐

… …

90-4.5

𝐹𝑎 … 𝐺𝑐

… … …

[28, 49, 74]

4.5-1.25

𝐺𝑎 𝐹𝑐 …𝐺𝑏

… … 𝑐𝑐

[28, 49, 74]

[28, 49, 74]

The magnetic structure of ErFeO3 was also studied by Gorodetsky et al. at low
temperature, using long-wavelength neutron diffraction patterns [108]. Below 4.5
K, the magnetic structure of the iron ions in the ErFeO3 single crystal was found to
be in a mixed (Gbc, Fa) configuration. This configuration was ascribed to the
rotation of the antiferromagnetic axis of Fe3+ from the c-axis to the b-axis as
temperature decreased below 4.5 K. The interaction between Er-Er or Fe-Er (or the
combination of both) could be the mechanism responsible for that rotation. This
type of rotation was also confirmed by Belakovsky et al. using Mössbauer
spectroscopy measurements at temperatures below 4 K [109]. The magnetic field–
induced spin reorientation transition in ErFeO3 was also studied by Johnson et
al.[106] using Mössbauer spectroscopy. An applied high magnetic field along the
a-axis at a temperature above 100 K caused a spin reorientation of Γ4 → Γ2. Due
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to the high value of anisotropy field HA in an ErFeO3 single crystal, spin
reorientation by applying field does not exist at low temperature (4.2 K).
Using a superconducting quantum interference device (SQUID) magnetometer,
Bazaliy et al. studied the magnetic properties of single crystal ErFeO3. The SR
temperature was observed to lie in temperature range of 97-88 K. The modified
mean theory was used to describe the absolute value of the rotation angle 𝜃(𝑇) and
the magnetization 𝑀(𝑇), depending on the important fact of using the anisotropy
of the Er3+ susceptibility to the Fe3+ molecular field [110].
Tsymbal et al.[46, 92] studied the magnetic and structural properties of ErFeO3 in
the SRT region. Using X-ray measurements, they measured the temperature
dependence of the rotation angle 𝜃(𝑇) of the magnetization in the SR temperature
range of 97-88 K, as is shown in Figure 2.8.

Figure 2.8. (a) |M|(𝑇), (b) 𝜃(𝑇) in the spin rotation interval for ErFeO3 crystal. The empty
symbols, full line and dashed line represent experimental results, theoretical results using the
modified mean field theory, and theoretical results using conventional mean field theory,
respectively. This figure was taken from [92].

In addition, they measured the temperature dependence of the lattice parameters in
the SR temperature range. They confirmed there is no structure distortion in the
SRT for ErFeO3 and that the lattice parameters a, b, and c change smoothly in that
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temperature range without displaying any anomaly, which agrees with White’s [74]
findings. Using the modified magnetic theory, the magnetic properties were
discussed and magnetic phase transition confirmed as Γ4 (Ga, Fc) → Γ24 (Gac, Fac)
→ Γ2 (Fa, Gc) phase transition within the SRT temperature range of 97-88 K and
with a compensation temperature of ~ 46 K[46], as in displayed in Figure 2.9.

Figure 2.9. Magnetic moment projections Ma (blue circles) and Mc (red circles) of ErFeO3 over a
wide temperature range. Inset: Behaviour of Ma near the compensation point at H = 50 Oe. This
figure was taken from [46].

Figure 2.10. Magnetic properties of ErFeO3. (a) Magnetizations along the a-axis (filled red
triangles) and the c-axis (filled blue squares) as functions of temperature (M vs. T). (b) Magnetic
hysteresis curves (M vs. H) along the a-and the c-axes at 108 K, 94 K, and 80 K. These figures
were taken from [111].
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The Fe-Er coupling was studied in single crystal ErFeO3 by Park et al. using a
vibrating sample magnetometer (VSM). The coupling between Er3+ and Fe3+ is of
the antiferromagnetic type, and the SRT was confirmed using a molecular field
model in their theoretical analysis, as shown in Figure 2.10. The Fe-Er coupling
varies widely with temperature.
Therefore, the induced Er moment cannot be understood just as a simple
polarization of the paramagnetic spin due to the molecular field of Fe, as some
previous reports described [111].

2.4.2 NdFeO3
Neodymium orthoferrite has similar magnetic properties to ErFeO3, although
NdFeO3 has a relatively high and broad SRT temperature range (170 K-100 K )
with a compensation temperature Tc ≈ 7.6 K [45, 93, 112]. Pinto et al. studied the
magnetic structure of single crystal NdFeO3 using neutron diffraction. Their
measurements indicated that the transition of AFM vector of Fe3+, Ga → Gc, started
at 160 K and end at 70 K[112], with 70 K being lower than what is usually found
in the literature (i.e. 100 K).
Sławinski et al. reported details on the spin reorientation and structural changes in
single crystal NdFeO3 using high-resolution neutron powder diffraction. The spin
reorientation transition was confirmed as the continuous rotation of Fe3+ spins
between 190-100 K through a Γ4 → Γ2 phase transition. The structural changes were
confirmed to occur in the SRT region, without a structural phase transition. The
thermal lattice expansion is different along the a, b and c crystal axes. In addition,
the magnetic interaction between iron ions changes with changing temperature in
the SRT region, which could result from the change in the arrangement of the FeO6
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octahedral network. When the temperature increases, the interaction of iron ions
decreases along the c-axis while it increases within the (a-b) plane [45]. The AFM
ordering of Fe3+ was found to be Gc and Ga above 200 K and below 100 K,
respectively. Nd3+ ions were ordered in C-type AFM ordering at around 1.5 K [45,
113]. The magnetic ordering of Nd in NdFeO3 was studied by single-crystal neutron
diffraction. The Nd ordering was found to occur below 1 K, in the Γ5 or Γ8
configuration[114].
Yuan et al.[93] studied the magnetic properties of a high-quality single crystal
NdFeO3 in the temperature range of 300-2 K using a Physical Properties
Measurement System (PPMS-9, Quantum Design). The spin reorientation
transition was obtained in the temperature range of 170-100 K with a Γ4 (Ga, Fc)
→ Γ24 (Gac, Fac) → Γ2 (Fa, Gc) phase transition, as shown in Figure 2.11(a).
Isothermal measurements through the SRT also lead to changes in the shapes of
the hysteresis loops, depending on the Fe AFM ordering, which is also shown in
Figure 2.11(b).
(a)

(b)

Figure 2.11. (a) Temperature dependence of the magnetization of NdFeO 3 single crystal
measured in an external field H = 100 Oe along the a-axis (black squares) and c-axis (red circles).
(b) Hysteresis loops of NdFeO3 single crystal along the a-axis at T = 50, 100, 150, and 200 K.
These figures were taken from [93].
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Yuan et al. studied the magnetic properties of NdFeO3 single crystal. The SRT
temperature (170-107 K), the antiparallel coupling between Fe3+ and Nd3+ ions, and
magnetization reversal were confirmed using computational and experimental
methods. The first order spin switching took place in NdFeO3 as the result of a
strong interaction between the two inequivalent magnetic sublattices of Nd and Fe.
The robust interaction between 3d and 4f electrons of the two sublattices results in
an extreme interaction magnetic state that is very sensitive to the orientation and
magnetization history. The M-T measurements of single crystal NdFeO3, in fieldcooled (FC) and zero-field-cooled (ZFC) processes, are displayed in Figure 2.12(a,
b). Due to the antiparallel coupling between Fe-Nd, the total magnetization |M|
below the SRT decreases when the temperature decreases in the FCC process. The
total magnetization vanishes at the compensation temperature Tcomp = 7.6 K when
the magnetic moments of polarized Nd3+ and Fe3+ ions are equal in their values and
opposite in their directions. Because both Nd3+ and Fe3+ have different temperature
dependence of their magnetic moments and are coupled strongly in an antiparallel
way, the total |M| decreases rapidly in negative value below the Tcomp. The ZFC
process, Figure 2.12(c), shows a fast decrease in the total magnetization |M| with
warming above Tcomp. The first order transition takes place at a jump in temperature
(Tj = 29 K) as a result of the spontaneous spin reversal of the Nd and Fe sublattices.
In the reversal process, the vector of the Nd3+ moment is now aligned in the same
direction as the applied magnetic field. The spin-flip takes place abruptly and
completely. In addition, the compensation temperature was investigated using
isothermal measurements along the a-axis, as is illustrated in Figure 2.12(d) [115].
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(d)

Figure 2.12. Temperature dependence of the magnetization M(T) of NdFeO3 single crystal along the
a- and c-axes measured in (a) ZFC and (b) FC processes; (c) magnified view of the ZFC and FC M(T)
curves at low temperatures. The cooling and measurement fields were 100 Oe. (d) The isothermal
magnetization along the a-axis as a function of magnetic field at 5, 8, and 20 K. This figure was taken
from [115].

Chen et al.[116] reported experimental and computation details on the spin
reorientation transition in single crystal NdFeO3 using first-principles calculations.
The exchange interactions between Nd 4f and Fe 3d electrons, which are coupled
through the 2p state of oxygen in the Fe-O plane, can cause the spin reorientation
transition. The magnetic properties of NdFeO3 single crystal were studied by Chen
using first-principles calculations. The spin directions of Nd and Fe ions were
confirmed to be dependent on competition between the Fe-Fe, Fe-Nd, and Nd-Nd
interactions. The superexchange angle, φ, increases when with decreasing
temperature, which would lead to strong Fe-O and Nd-O bond coupling. The main
role for the SRT has been assigned to the Nd 4f electrons.
Recently, using the AC susceptibility measurements, the SRT process in single
crystal NdFeO3 has been confirmed. In addition, the hysteresis loops show a
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multidomain structure in the spin reorientation temperature range (170-100) when
a small magnetic field was applied (below 50 Oe). The peaks at the start and end of
the AC susceptibility measurements in Figure 2.13 are attributed to the appearance
and disappearance of multidomain structure, respectively [117].

Figure 2.13. (a) Real part, and (b) imaginary part, of the AC susceptibility of NdFeO3 along the caxis as a function of temperature at Hac = 1 Oe and Hdc = 0 Oe at different frequencies. (c) Real
part, and (d) imaginary part of the AC susceptibility of NdFeO3 along the a-axis as a function of
temperature at Hac = 1 Oe and Hdc = 0 Oe at different frequencies. This figure was taken from [117].

2.4.3 HoFeO3
HoFeO3 orthoferrite has the Néel temperature TNFe ≈ 661 K. As a result of the
Dzyaloshinsky–Moriya interaction, a weak ferromagnetic moment of Fe3+ was also
confirmed for this system [32]. The Ho3+ ions are in the paramagnetic state down
to low temperatures, although the Ho3+ ions can be polarized by the weak
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ferromagnetic vector F of the Fe3+ system [74]. As opposed to ErFeO3 and NdFeO3,
the Ho3+ spins are polarized in the same direction as the ferromagnetic vector of the
Fe3+ sub-system. Using the Bertaut notation, the spin structure of Fe3+ ions in
HoFeO3 is described as Γ4 (Ga, Ab, Fc) and Γ2 (Fa, Cb, Gc) above and below the
SRT, respectively [79]. As a result of the polarization of Ho3+ being parallel to the
net magnetic moment of Fe3+, a compensation temperature cannot be found in
HoFeO3 [74]. In addition, the magnetization along the c-axis increases steadily with
decreasing temperature above the SRT (Figure 2.14), which is the opposite from
what was observed for NdFeO3 and ErFeO3 [44, 74]. The spin reorientation process
takes place in quite a narrow temperature range (50-58 K). Ho3+ ions are ordered
below 4 K, as found from heat capacity measurements [118, 119]. Balbashov et
al.[120] reported the existence of three phase transitions (Γ4 - Γ24 - Γ12 - Γ1) based
on results from an Epsilon back-wave-oscillator submillimeter spectrometer. The
new canted phase configuration Γ12 (Gbc, Fa) was reported in the temperature range
between 51±1 and 39 ± 2 K. The authors assumed that this occurs due to the
movement of the AFM vector G out of the crystalline ac-plane towards the bcplane[120].
The applied magnetic field can also produce spin reorientation transitions in this
system. Johnson et al. studied such transitions using Mössbauer spectroscopy
measurements on rare earth orthoferrite single crystals [106] within temperature
range of 273 K-4.2 K. At a temperature between 273 K-77 K, single crystal HoFeO3
shows an antiferromagnetic structure Γ4 (Ga, Ab, Fc). With applied high magnetic
field along the a-axis, a spin reorientation transition from Γ4 (Ga, Ab, Fc) to Γ2 (Fa,
Cb, Gc) was observed. At low temperature (4.2 K), applying field along the c-axis
could not induce a spin reorientation. A new type of spin reorientation was found,
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however, by applying a magnetic field (1.5 T) along the b-axis, causing rotation of
the AFM vector G from the c-axis to the b-axis.

Figure 2.14. M-T curves for HoFeO3 single crystal along the a- and c-axes. The
inset shows the details of the magnetism of the single crystal along the c-axis at
low temperature. This figure was taken from [121].

Bujko et al.[82] investigated the field-induced changes in weak antiferromagnetism
in a HoFeO3 single crystal using neutron techniques. By applying an external
magnetic field along the b-axis in the temperature range of 63 K ˂ T < 647 K, a
mixed magnetic state was obtained. The Γ4 (Ga, Ab, Fc) state had Γ3 (Ga, Fb, Ac, ca,
fb) admixed with it as a consequence of the magnetic field. In the admixed Γ3 state,
Fe3+ and Ho3+ are both ordered antiferromagnetically in the (G, c) type along the aaxis. Further, they both had net non-zero magnetic moment along the b-axis as a
consequence of the applied field along the b-axis. The magnetic properties were
also studied using M-T measurements along the a- and c-axes in FC and ZFC
processes. The SRT was confirmed to occur in the temperature range of 50-58 K.
The Ho3+ ions change from the paramagnetic state to the C-type antiferromagnetic
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state at around 4.1 K, which can be seen as a peak in the M-T curve at that
temperature, as is displayed in the inset to Figure 2.14[28, 121].

2.4.4 YFeO3
YFeO3 also belongs to the group of antiferromagnetic orthoferrites and shows weak
ferromagnetism in the perovskite structure. Y3+ belongs to a group of rare earth ions
which have no magnetic moment due to the absence of Y4f electrons. Therefore,
there is no magnetic interaction between the Fe3+ moment and the Y3+ moment.
This can explain why the Γ4 (Ga, Ab, Fc) configuration of the moments exists in the
whole temperature range below TN ≈ 655 K without any evidence of a spin
reorientation process as a result of changing temperature [60, 74]. The yttrium
orthoferrite YFeO3 shows a number of interesting features, such as small saturation
magnetization, high Curie temperature, high Faraday rotation near the infrared and
visible regions, and broad magnetic domains [122].

Figure 2.15. M-T curves for YFeO3 single crystal along the
c-axis under 50 Oe over 300-750 K. This figure was taken
from [123].
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Figure 2.16. Magnetic hysteresis loops for YFeO3 single crystal
measured at an applied field up to 5 T at 4 K, 60 K, and 300 K.
This figure was taken from [123].

The magnetic properties of perovskite YFeO3 were studied by Shang et al. M-T
measurements were obtained in the temperature range of 700-300 K, as shown in
Figure 2.15. The Nѐel temperature is around 655 K, which confirms the phase
transition of Fe from paramagnetic to antiferromagnetic ordering with a spin
structure Γ4 (Ga, Ab, Fc), according to Bertaut’s notation[80]. The M-H loops in
Figure 2.16 appear unsaturated even at the high applied field, which confirms the
slightly canted ordering of Fe3+ as responsible for the net ferromagnetic
moment[123].
Shen et al.[124] studied the magnetic and thermal properties of single crystal
YFeO3. The magnetic measurements M-T along the c-axis confirmed the weak
temperature dependence of the magnetization as well as the canted
antiferromagnetic ordering of Fe3+ in YFeO3 with no SRT process as a result of
having non-magnetic R3+ ions, as shown in Figure 2.17. The M-H measurements
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at room temperature along the c-axis confirmed the Fe3+ configuration with a
rectangular hysteresis loop, as shown in the inset to Figure 2.17 [124].

Figure 2.17. Temperature dependence of the magnetization under a field of 1200 Oe for
YFeO3 single crystal. The inset shows the magnetization curve measured at 300K. This
figure was taken from [124].

Figure 2.18. Isothermal measurement for YFeO3 single crystal at 4.2 K. The + and ×
symbols indicate numerical simulations. H0 = reorientation field, m0 = zero-field
magnetization. This figure was taken from [98].
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Jacobs et al. studied the field-induced spin reorientation in YFeO3. When a strong
magnetic field, around 74 ± 1 kOe, was applied along the AFM axis of Fe3+ in
YFeO3 single crystal at 4.2 K, a spin reorientation transition could be seen in the
M-H curve as a rotation of the AFM vector G from the a-axis to the c-axis in the
ac-plan,e which completely agrees with theoretical prediction of a Γ4 → Γ2 phase
transition [98]. The magnetic field induced spin reorientation in single crystal
YFeO3 has also been studied using a torque and vibrating sample magnetometer
and was discussed based on the macro-spin model [125]. The theoretical model
predicted a Γ4 → Γ2 spin reorientation, although an incomplete spin reorientation
was observed, in which the magnetic moment rotated by 80º instead of 90º, pointing
to around 10º out of the ac-plane crystallographic orientation at 4.2 K. In contrast
with the Jacobs et al. results, the moment along the a-axis Ma was still smaller than
the moment along the c-axis Mc, even below the SRT with an applied high field.
Therefore, the YFeO3 does not show a magnetic state Γ2, even with an applied high
magnetic field at low temperature. The M-H curves of YFeO3 single crystal along
the c- and a-axes are presented in Figure 2.18 [98, 125].

2.4.5 DyFeO3
DyFeO3 is one of rare earth orthoferrite family that has a distorted perovskite
structure similar to those of other RFeO3 families. In DyFeO3, the iron ion at room
temperature shows a Γ4 (Ga, Ab, Fc) pin configuration in Bertaut’s notation [79].
The most interesting feature of DyFeO3 is the disappearance of weak
ferromagnetism through the spin reorientation transition [49]. This type of SRT is
due to rotation the antiferromagnetic spin direction with cooling from the a-axis in
Γ4 (Ga, Ab, Fc) to the b-axis in Γ1 (Aa, Gb, Cc).
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antiferromagnetic axis of Fe rotates from the perpendicular direction to the
Dzyaloshinsky-Moriya vector at high temperature to the parallel direction at low
temperature [94]. This SRT is called the Morin transition in analogy to the Morin
transition in hematite [126]. Not only DyFeO3 displays this type of SRT, but also
ErCrO3 shows the Morin transition too [127]. The magnetic properties of DyFeO3
were intensely studied using magneto-optical methods [128-130] and Mössbauer
spectroscopy [105, 106, 109, 131]. The Morin transition was confirmed to take
place at 35 ± 3 K by rotating the antiferromagnetic vector from the a-axis in Γ4 (Ga,
Ab, Fc) to the b-axis in Γ1 (Aa, Gb, Cc). At high temperature, above 77 K, applying a
high field along a-axis can cause a spin reorientation transition (Γ4 to Γ2). Moreover,
applying a magnetic field on DyFeO3 at low temperature (4.2 K) can cause two
different spin reorientation transitions: Γ1 → Γ4 or Γ1 → Γ2 depending on whether
the direction of the applied magnetic field is parallel to the c-axis or to the a-axis,
respectively [105, 106].

Magnetic Field (kOe)
Figure 2.19. M and P measured along the c-axis at T = 3 K for
DyFeO3 single crystal. This figure was taken from [42].
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Figure 2.20. M-T curve with H = 500 Oe along the c-axis, (Inset:
Enlargement of the low-T region for DyFeO3 single crystal). This
figure was taken from [133].

Belov et al. reported a new orientation transition induced by an external field in a
DyFeO3 single crystal. Below the Morin temperature, applying an external
magnetic field along the a and b axes lead to a new spin reorientation, Γ1 → Γ4 or
Γ1 → Γ2 under the influence of the Dy3+ molecular field, amplified by the external
field [132]. Prelorendjo et al.[105] reported a field induced spin reorientation
transition based on Mössbauer measurements. The SRT Γ1 → Γ4 would take place
at low temperature if the critical applied magnetic field 𝐻𝑐𝑟 = 0.75 ± 0.1 T or 0.7 ±
0.1 T along the b- and c-axis, respectively. Tokunaga et al.[42] studied the
magnetoelectric (ME) phenomena in DyFeO3. Tokunaga et al. confirmed the new
class of multiferroicity in DyFeO3 by clear coupling between the electric
polarization P and the magnetization M when a magnetic field was applied along
the c-axis, as is shown in Figure 2.19. The increasing magnetization M (blue line)
could be due to the field-induced spin reorientation Γ1 → Γ4 at 3 K, [42]. The Morin
transition temperature was confirmed to be around 50 K, while the ordering
temperature of Dy3+ at TNDy ≈ 4.2 K-4.5 K (Figure 2.20)[42, 131, 133, 134]. The
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magnetization M in DyFeO3 single crystal shows irreversible magnetic field
dependence when it is measured at low temperature in the zero field cooling process
(Figure 2.20). This could be due to the formation of a metastable structure that is
stabilized by Dy-Fe interactions[133].

2.4.6 PrFeO3
Praseodymium orthoferrite is one of the RFeO3 family and has the same structure
as the other orthroferrite described above: the D2h16 –Pbnm space group with four
distorted perovskite units in each unit cell [63, 68]. The distinctive characteristic of
PrFeO3 is its absence of a phase transition, even though Pr3+ is magnetic. So, the
spin configuration Γ4 (Ga, Ab, Fc) persists from the Néel temperature to the lowest
temperatures. This feature can be found also for GdFeO3, EuFeO3, and nonmagnetic rare earth elements in RFeO3, such as Y, Lu, and La [99]. Pinto and
Shaked studied single crystal PrFeO3 in the temperature range of 300-4.2 K using
neutron-diffraction measurements. They confirmed the Ga type- antiferromagnetic
ordering of the Fe moment in that temperature range [112]. Using neutrondiffraction measurements, Babu et al.[135] studied the structural, electronic, and
magnetic properties of PrFeO3 using the full-potential linearized augmented planewave (FP-LAPW) method with spin-polarized density functional theory. PrFeO3
shows high hybridization around the Fermi level. This finding supports the metallic
behaviour of PrFeO3 compounds with 4.81 μB as their magnetic moment.
Sosnowska et al. studied a PrFeO3 polycrystalline sample at 8 K using improvedresolution neutron diffraction measurements. The results confirmed the Ga -type
magnetic structure, which is similar to the magnetic structure at room temperature.
In addition, the ordered magnetic moment for Fe3+ was found to be μFe = 4.14(4)
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μB, which is less than the free-ion value of 5 μB (S = 5/2). Therefore, the Fe-Pr
coupling in PrFeO3 is weak, and no SRT can be found [136]. The magnetic
properties of single crystal PrFeO3 were studied by Wang et al.[137] using M-T
measurements in the temperature range of 3.5-300 K. Recently, the spin
reorientation transition has been found in this system at temperature range 6.5-10
K by applying a low magnetic field ≈ 5 Oe in field-cooled-warming process (FCW).
This transition could be suppressed with increase the applied magnetic fields
(Figure 2.21) [138].

Figure 2.21. (a)-(d) Magnetization as a function of temperature M(T) of PrFeO 3 single
crystal along a, b, and c axes measured in FCW processes under applied magnetic fields
H = 5, 10, 50, and 500 Oe, respectively. The inset in (a) presents a magnified view of baxis for low temperature. The inset in (d) presents a magnified view of c-axis for low
temperature. This figure was taken from [138].
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In addition, abrupt downward step in magnetization was observed upon cooling at
low temperature as a result of transition of the effective magnetic moment of Fe3+
and Pr3+sublattice from parallel to antiparallel configuration in field–cooled–
cooling processes, FCC. The magnetization step shifted to low temperature with
increasing the applied magnetic field (Figure 2.22(a)). In contrast, M(T)
measurements in field–cooled–warming process, FCW,

showed a spin switching

jump due to the effective magnetic moment transition of Fe3+ and Pr3+sublattice
from antiparallel to parallel configuration, with shifting to high temperature with
decrease the applied magnetic field (Figure 2.22(b)).

(a)

(b)

Figure 2.22. (a) Magnetization along c-axis as a function of temperature under different
magnetic fields with FCC mode. (b) Magnetization along c-axis for the FCW sequence
measured. Inset: the change of recover jumping temperature as a function of applied
magnetic fields. This figure was taken from [138].

2.4.7 Dy0.5Pr0.5 FeO3
Dy0.5Pr0.5FeO3 has two different rare earth elements in one single crystal.
Measuring the magnetic properties of a rare earth orthoferrite crystal with mixed
rare earth ions has attracted much research interest due to its interesting features,
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which cannot be found in the pure single crystals, such as magnetic biasing of the
ferroelectric [139] and the twofold spin reorientation transitions Γ4 → Γ2 → Γ1 if
the two rare earth orthoferrites have different spin reorientations [140, 141].
Wu et al. studied Dy0.5Pr0.5FeO3 single crystal using magnetization measurements
(M-T) and (M-H). They confirmed the twofold reorientation transition as well as
the incomplete spin configuration transition induced by applied magnetic field, as
shown in Figure 2.23 (a) and (b), respectively [142].
(a)

(b)

Figure 2.23. (a) M-T measurements of Dy0.5Pr0.5FeO3 along the a and c axes, measured external field
H = 100 Oe. Left inset, enlargement of the magnetization (ZFC and FC) as a function of temperature
along the a-axis below 9 K; right inset, enlargement of the magnetization as a function of temperature
along the c-axis from 72 to 80 K. (b) Magnetization along the c-axis as a function of the temperature,
measured under different magnetic fields H = 0.1, 20, and 40 kOe. This figure was taken from [142].

In addition, applying a high magnetic field along the c-axis can induce a spin
reorientation transition, Γ1 → Γ4 and that spin reorientation is described by the
effective field model, which is shown in Figure 2.24 (a). The transition energy has
been confirmed to be constant through comparing the difference ΔH between the
high critical field HcrH and the low critical field HcrL at different temperatures,
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depending on the applied critical field Hcr as a function of temperature, as shown in
Figure 2.24(b). The interaction between R (Dy, Pr) and the anisotropic magnetic
field can lead to the interesting magnetic behaviour in Dy0.5Pr0.5FeO3, and the
interaction will be modified with an applied magnetic field. Further investigation
has been suggested, however, to conduct measurements along the a-axis for this
sample due to observations of an anomaly in the M-T (ZFC) curve at low
temperature when the magnetic field is applied along the a-axis [142].
(a)

(b)

Figure 2.24. (a) M-H curves of a Dy0.5Pr0.5FeO3 single crystal along the c-axis at temperatures of
45-80 K. HcrL and HcrH correspond to the magnetic fields in between the field-induced SR that
occurs from Γ1 → Γ4. (b) Critical fields in the field-induced SR at different temperatures. This
figure taken from [142].
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Chapter 3

Experimental techniques
This chapter provides an overview of the experimental devices and techniques used
in this thesis. Section 3.1 covers single crystal growth and preparation. Section 3.2
describes structural measurements using X-ray diffraction (XRD). Section 3.3
describes structural measurements using the neutron diffraction method. Section
3.4 deals with measurements of magnetic properties on single crystal samples using
a Physical Properties Measurement System (PPMS). Section 3.5 displays the
magnetic optical imaging measurement (MOI).
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3.1 Single crystal growth and preparation
3.1.1 Introduction:
The techniques for the growth of single-crystal rare earth orthoferrites samples have
coincided with the interests of researchers with cylindrical magnetic devices [143].
The flux growth method has been used extensively to produce slices suitable for
magnetic measurements [144-146], although the flux inclusions and other defects
have presented problems to growing pure single crystals by this technique. In 1970,
Okada et al.[147] reported inspiring outcomes from growing pure single crystal
orthoferrites using a floating zone method. Fairholme et al.[148] used a floating
zone method to grow pure and mixed rare earth orthoferrites. Since its first use, this
method has been improved extensively. High-efficiency and innovative designs
have been used to grow pure single crystals. The optical floating zone method has
the advantages of short crystal growth time, no defects (no contamination), no flux
in the crystals, adjustable atmosphere, and real-time observation of the growth state,
while it is more convenient than single crystal growth methods such as the
Bridgman method and pulling method [149-151]. Compared to induction floating
zone furnaces, where only conductive materials can be grown, optical floating zone
furnaces are suitable for both conductors and insulators, especially oxides and
semiconductor materials, because they readily absorb near-infrared light. Many
furnace designs use either parabolic or ellipsoidal mirror(s), or a combination of
both, to focus light from the halogen or xenon lamp beam onto the precursor
(polycrystalline) rod to create a narrow molten zone on it. This molten zone is
moved slowly along the rod to grow the single crystal [151].
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3.1.2 Crystal growth using the optical floating zone method
The growth of a single crystal by the optical floating zone method depends on the
material melt. There are important constraints on growing a single crystal such as
from gravity and the molten surface tension. Therefore, materials that have a small
surface tension cannot be grown using this method, such as citrates, while silicon,
titanium dioxide, etc. are more suitable to grow using this method as a result of
having a high surface tension and appropriate melt density.

Furnace

Control system

Figure 3.1. FZ-T-10000-H-VI-P-SH type optical floating zone furnace.

Figure 3.1 shows the four-ellipsoidal mirror optical floating zone furnace, FZ-T10000-H-VI-P-SH, manufactured by Japan Crystal Growth, which was used to
grow the single crystals reported in this thesis. The figure illustrates two parts: the
furnace body (left side) and the control system (right side). Four ellipsoidal mirrors
are located in the central furnace cavity. The input and adjustment parameters
affecting the crystal growth process are controlled by the control system (right side).
The floating zone furnace consists of the following parts:
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1-

Light (heat source)

The optical floating zone method uses optical focusing to heat and melt a localized
volume of the precursor rod. There are two types of lamps that could be used for
this process, xenon lamps or halogen lamps, which are used to heat the precursor
rods to temperatures as high as 2200 ° C or 3000 °C, respectively. The light source
alone cannot give such high temperatures unless it is focused on the selected point
by the concave.
2-

Ellipsoid mirrors

The importance of the ellipsoidal mirrors is that they actually make it possible to
design a high-temperature source. The lamp beams converge at the same focus of
the four-sided ellipsoidal mirror. Therefore, the light will be reflected by this mirror
and focused at a selected point on the precursor rod, which is called the melting
zone point. The single crystal will grow at this point.
3-

Stage and shaft

There are three parts in the floating zone furnace transmission. The stage, an upper
shaft, and a lower shaft. The upper shaft is generally used to hang the rod and
control the feeding speed throughout the growth process. The lower shaft is mainly
used to support the crystal, while the growth rate is controlled by the stage. The
upper shaft and stage can be moved vertically either at fast (5–60 cm/min) or slow
(0–20 mm/h) speeds, and also, they can be rotated clockwise or anticlockwise (0–
60 rpm).
4-

Atmosphere adjustment system

In order to meet the needs of crystal growth, the atmosphere control system permits
the flow of argon, air, or oxygen, and if necessary, hydrogen. The gas flow is well
controlled by the flow meter.
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3.1.3 How the optical floating zone method works
The seed crystal is fixed on the lower rotating shaft while the polycrystalline
material precursor feed rod is hung from the upper rotating shaft, as shown in Figure
3.2. The light of the halogen lamp (light source) is reflected by the four-sided
ellipsoidal mirror, and it is focused on the melting zone point to heat the rod.
Depending on the crystal growth theory, heating at the subcooling temperature is
the driving force of the crystallization, and the crystal can be grown only when the
subcooling degree ΔT > 0 at the solid-liquid interface. The cooling process in the
optical floating zone method mainly depends on moving the ellipsoidal mirror along
the rod, in order to reduce the temperature of the molten section of the rod and move
the focus point from the melting zone. Crystal growth starts upon this cooling from
the seed crystal and it moves gradually along the precursor rod along with the
movement of the [152-155].

Ellipsoidal
mirror
Halogen
lamp

Feed rod
Molten zone

Crystal

Seed
rod
Controlled
atmosphere

Quartz tube

Figure 3.2. Schematic diagram of single crystal growth in an optical
floating zone furnace. This figure was adapted from [152].
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The process of growing a single crystal sample using the optical floating method,
as shown in Figure 3.3, includes:
1-

The upper and lower rods on the upper and lower shafts are vertically

centred, ensuring that there is no any additional movement or shaking when the two
rods rotate in opposite directions, as shown in Figure 3.3(a).
2-

The position of the raw rod (upper rod) was adjusted so that the end of this

rod entered the melting zone point, within a suitable atmosphere. The temperature
was increased gradually, as observed through the display, by setting the input power
of the light source and rotating the upper and lower shaft. The raw materials melted
gradually, forming a pre-melting zone, as illustrated in Figure 3.3(b).
3-

When the end of the raw rod was melted and stabilized, the temperature

of the pre-melting zone was close to the temperature required for growth; the lower
rod was moved up to meet the upper rod. After that, the rate of rotation of the shafts
was important to control the state of the melting zone. To ensure stable growth, all
the parameters needed to be adjusted in time, as shown in Figure 3.3(c).
4-

When the raw rod was about to run out, the growth process was stopped,

and the cooling process was started by moving the light source from the focal point
of the ellipsoidal mirrors. Then, the raw rod was moved upward and separated,
while maintaining the cooling process, as shown in Figure 3.3(d).
5-

The smooth single crystal growth by the optical floating zone method was

entirely controlled by the melt zone stabilization. The melt zone stabilization was
maintained by the dynamic balance of the melt surface tension, melt density,
atmospheric conditions, and temperature changes. Where the density would cause
the melt to collapse, the surface tension allows the melt to maintain its shape.
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Raw material rod
(on the stick)

Raw material rod
(on the stick)

Raw material rod
(on the stick)

Raw material rod (on
the stick)

Heat source

Heat source

Heat source

Heat source

Seed rod (lower rod)

Seed rod (lower rod)

Seed rod (lower rod)

(a)

(b)

(c)

Seed rod (lower rod)
(d)

Figure 3.3. Specific steps for growing a single crystal by the optical floating method. This Figure
was adapted from [154, 155]

3.1.4 RFeO3 single crystal growth
Our single crystals were grown using the four-mirror optical floating-zone furnace
FZ-T-10000-H-VI-P-SH, Crystal System Corp.) by Prof. Shixun Cao’s group at
Shanghai University, China[55, 137]. R2O3 and FeO3 powders with 99.99% purity
were mixed together in a stoichiometric ratio. The mixed powder was sintered at
1100 °C using a high-temperature furnace, and then crushed and ground. Then, the
mixed powder was sintered again at a higher temperature of 1350-1450 °C in order
to obtain the polycrystalline seed-rods. These polycrystalline rods were used to
grow the single crystals in the floating zone furnace. The furnace has two shafts that
rotate in opposite directions, one for the feed rod and the other for the seed rod, as
mentioned in the previous section. The single crystals grew in a vertical direction
from bottom to top in 1 bar of air flow. The rate of travel of the melting zone was
around 2.5 mm/h.
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3.2 X-ray diffraction (XRD)
3.2.1 Introduction
The X-ray diffraction technique was used to determine the nature of the crystal
structure for each sample. The basic concept of an XRD measurement is the
interaction between the X-ray photons and the electrons of atoms in the crystal.
Aspherical wave will be produced as a result of re-radiation of a small portion of
incomingintensity by the scattering atoms. In a well-defined crystal structure,
crystal atoms form atomic planes. These planes reflect the incoming radiation
(Figure 3.4). Reflection in a particular direction occurs, however, from a series of
parallel planes separated by a distance d defined by the crystal structure. The photon
beams of wavelengths λ, reflected by different parallel planes, interfere with each
other. Constructive interference is obtained only for a particular distance between
the planes when scattering occurs at an incident angle 2𝜃 [8, 156, 157]. In 1912 the
Australian scientist Bragg described the relationship between 𝑑, 𝜃, and λ for which
constructive interference is obtained, in a law called Bragg’s law to this day [156]:
2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛𝜃 = 𝑛λ,

(3.1)

where dhkl is the inter-planar separation for planes described by the Miller indices
(hkl). Whenever t Bragg’s law is satisfied, the interference will produce peaks in
the reflected intensity, which correspond to a particular dhkl [156, 158]. From this
spectrum, using the definitions of different crystal structures, it is possible to
determine the crystal structure of the measured sample.
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Figure 3.4. Bragg diffraction relationship. Planes (hkl) separated by 𝑑ℎ𝑘𝑙 scatter X-rays. The
scattered rays constructively interfere, giving peaks in the reflected signal that are defined by
Bragg’s low. This figure was adapted from [156].

3.2.2 X-ray diffraction methods
3.2.2.1 Laue method
This method was the first diffraction method used to study the crystal structure. In
this method, the wavelength λ is variable while the 𝜃 is fixed. There are two types
of XRD based on this method: the transmission Laue method and the Laue back
reflection method.
In order to obtain the physical properties of the sample as a whole, the crystal axis
directions need to be known for anisotropic single crystal samples such as from
RFeO3. Thus, precise crystal axis orientation and crystal face cutting are very
important for the study of single crystal properties. In this thesis, the single crystal
axes of samples involved in the experiment were determined by a JFMAX-255
back-reflection Laue crystal diffractometer, as shown in Figure 3.5. The specific
crystal face of the single crystal sample was cut by a fine crystal cutter. This was
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performed by Prof. Shixun Cao at Shanghai University, China. The Laue
diffractometer generally consists of an X-ray generator and a Laue camera.

Figure 3.5. Back-reflection Laue crystal diffractometer, JFMAX-255, from side (left)
and front (right) views.

In this method, a single crystal is irradiated by a white X-ray beam. As a result of
the well-defined distances between different sets of parallel planes, 𝑑ℎ𝑘𝑙 , only some
characteristic wavelengths will satisfy Bragg’s law to produce Laue spots at
incident angles θ for a given crystal. In addition, the fixed dhkl and θ will allow all
orders of interference (n) for a given crystal plane to superimpose on the same spot.
Therefore, the symmetry of the crystal will be shown in the Laue pattern, and the
directions of the crystal axes will be determined by the symmetry axes of the Laue
pattern[156, 159]. If a crystal oriented along a particular axis has a high degree of
symmetry along this axis, almost all the spots will be identified with the symmetry.
When the planes are perpendicular to the z-axis, for example, as in Figure 3.6, the
[001] represents the zone diffraction due to all X-ray beams reflected from planes
that are aligned with the z-axis. Therefore, the Laue photograph will display spots
in straight lines that belong to any zone that has an axis perpendicular to the X-ray
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beam axis. The zones that are not perpendicular to the X-ray beam display their
spots in the form of a cone lying on a hyperbola on the film, as shown in Figure 3.7.

Crystal planes
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X-ray
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Spots on film
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(810)
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X-ray
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z (out of page)
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Figure 3.6. Plane view of simple cubic lattice (space group Pm3m). A few planes and their
reflections are shown. (A bar over a number implies a negative direction.) This figure was
adapted from [159].

Zone axis
Cone of diffracted X-ray
belonging to zone

Laue zone
spots
X-ray beam
Film

Crystal

Figure 3.7. Cone of reflections corresponding to a zone axis. This figure was
adapted from [159].
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After the X-rays are incident on the specific single crystal, the planes which achieve
Bragg’s law will be detected and recorded by the X-ray detector. Using computer
software, Laue spots can be calculated and ramped. By comparing the map on the
X-ray detector with the calculated map, the direction of any crystal plane in the
crystal can be precisely found. Instead of using X-ray film, the device can use a
two-dimensional surface probe to record the diffraction pattern.

3.2.2.2 Single-crystal X-ray Diffraction
Single-crystal X-ray diffraction is a non- damaging scientific technique that gives
accurate information on the internal structure of crystalline substances, including
unit cell dimensions, bond lengths, bond angles, and details of site-ordering. The
X-ray wavelength is fixed with this technique. Single crystal X-ray diffractometers
comprise three fundamental components: the X-ray source, the sample holder and
goniometer, and an X-ray detector. Figure 3.8(a) displays a single crystal X-ray
instrument that can be used to measure the lattice structure of single crystal samples.
Samples are affixed to fibers set in brass pins and attached to goniometer heads.
(φr rotation)

2ϴx

ꭥ Rotation
(b)
(b)

(a)

2ϴx rotation

Figure 3.8. (a) An image of a single crystal XRD instrument; (b) Schematic of 4-circle
diffractometer; the angles between the incident ray, the detector and the sample. Figure 3.8. (a) was
taken from [161], figure 3.8 (b) was adapted from [162].
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For crystals centered within the X-ray beam, the goniometer is allowed to have X,
Y, and Z orthogonal adjustment [160, 161]. Figure 3.8(b) clearly shows the 4-circle
goniometers and the four different axes of rotation (2θx, χa, φ, and Ω)[162].
The relationship between the incident ray, the detector, and the crystal lattice is
defined using these axes of rotation. The incident X-rays hit the single crystal target,
where some intensity is reflected from the surface, but most passes into the crystal
and is diffracted according to Bragg’s law. A great deal of X-ray intensity can pass
directly through the sample, and to stop the transmitted rays and prevent burn-out
of the detector, a beam stop is placed directly opposite the beam. The detector
angles are set to measure the angles and intensities of the diffracted rays that satisfy
Bragg’s law. The modern single-crystal diffractometers can transform the X-ray
photons into an electrical signal using charge-coupled device (CCD) technology.
Then, the data is sent to a computer for processing and analysis [160, 162].
In this thesis, a Rigaku XtaLAB mini II Benchtop Single Crystal X-ray
Diffractometer was used for collecting and analysing single crystal diffraction data
(Figure 3.9(a, b)). In addition, this is a fully functional diffractometer operating at
600 W supplied with CryAlisPro software for complete processing and data
reduction capability, including for space group determination, crystal twins, and
numerical absorption corrections [163].
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(a)

(b)

Figure 3.9. (a) General view of Rigaku XtaLAB mini II benchtop single crystal X-ray
diffractometer. (b) Close view of diffractometer components. The figures was taken from [163].

3.3 Neutron scattering
3.3.1 Introduction to Neutron measurement
The neutron diffraction method is a precise method for analysing crystal
structures using beam phenomena such as diffraction, reflection, scattering, and
interference[164]. It is generally capable of detecting the elastic scattering that is
achieved for non-destructive identification. Similar to X-ray diffraction, neutron
diffraction is subject to Bragg’s law. Directing a neutron beam onto a substance
having a periodic structure such as a crystal results in the detection of a strong
reflected beam wave that satisfies the interference condition. The other emitted
beam waves which do not satisfy the interference condition will not be detected.
Some elements, such as Li, B, Cd, Dy, and Gd, absorb slow neutrons. Therefore
neutron diffraction measurements will not be suitable for materials that have the
elements mentioned above. In order to obtain internal information on single crystal
materials, neutron diffraction is used instead of X-ray diffraction because the
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neutron beam has a higher penetration depth than an electron beam or an X-ray
beam with same energy[164]. Light elements such as H, C, N, and O can be
observed by neutron diffraction, even though they are undetectable in X-ray
diffraction. As a result of their short wavelengths, lack of electric charge, and spin
1/2, neutrons are used to study structure and lattice dynamics, and provide useful
information on the magnetic structure of crystals that have magnetic ions[165].
Consequently, neutron diffraction has been used to study, for example, the magnetic
structure of magnetic materials, organic materials, oxygen atomic coordinates in
high-temperature superconductivity, and hydrogen storage alloys.

3.3.2 Measurement Principles
There are four main components in any neutron diffraction measurement method:
the beam source, sample, detector, and measurement environment. In neutron
diffraction measurements, the beam source typically is fixed. Generally,
measurement methods for neutron diffraction can be categorized into two types: the
angular variance method and the wavelength dispersion method.
Firstly, in the angular variance method, when the angle changes using a single
wavelength, the diffraction patterns obtained depend on the diffraction angle. The
angular variance method comprises two types of measurement. In the first one, the
sample moves so the angles will changes (using one detector), or many detectors
are used in a method called in situ to measure the angle dependence of the beam
diffractions.
Secondly, the wavelength dispersion method. In the wavelength dispersive
method, two fixed detectors are used to detect multiple peaks of neutron diffraction
[164].
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In this thesis, the neutron measurements were conducted in the Australian Center
of Neutron Scattering (ACNS), which is located in the Australian Nuclear Science
and Technology Organisation (ANSTO). The neutrons were obtained through the
Open-pool Australian Lightwater reactor (OPAL) in ANSTO. The OPAL reactor
runs at 20 MW, and its core has 16 low-enriched plate-type fuel assemblies located
under 13 m of water (H2O) in an open pool. In the reactor core, the neutrons are
released steadily and can be reflected using heavy water (D2O). Using slabs of
oriented germanium crystal, the released neutrons will become monochromatic and
collimated. Finally, the neutrons are directed by means of slits towards a beam port
in the reactor wall. There are two powder diffractometers in OPAL: the
ECHIDNA high-resolution powder diffractometer and the WOMBAT highintensity powder diffractometer. For the highest speed and intensity, WOMBAT
neutron powder instruments are the best option, not only in OPAL, but also in the
world [166].

3.3.3 RFeO3 single crystal measurements using the highintensity neutron diffractometer (WOMBAT)
WOMBAT is a high-intensity neutron diffractometer, with high flux and speed. It
uses thermal neutrons with wavelengths ranging from 0.8 to 2.4 Å and it is situated
in the OPAL Neutron Guide Hall.

The measurement temperature range in

WOMBAT is between 1.4 -2000 K in applied field up to around 8 T. Generally, it
is not only used as a powder diffractometer, but also could be used to measure single
crystals in the size range between 10 mm3 and 1 mm3. WOMBAT can be used to
measure many types of materials in extreme environments (stress, temperature,
pressure, electric and magnetic fields), such as: magnetic and multiphase materials,
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negative-thermal-expansion materials, superconductors, multiferroic materials, and
high-performance battery anodes and cathodes, as well as materials with light
elements in the presence of heavy ones (e.g. carbides, borides oxides, etc.) [166,
167].

A white beam of neutrons
come from OPAL reactor

Thermal neutron guide
(TG1)

Monochromator
system

Single wavelength
of incident

neutrons

Neutron guide
Sample
Stage

Collimator
system

Monolithic 120°
position-sensitive

detector

(a)

Figure 3.10. (a) Schematic diagram of WOMBAT in the Australian Centre for Neutron Scattering
ACNS, ANSTO (b) Photographs of the sample stage and detectors at WOMBAT, when measuring
single crystals. Figure 3.10 (a) was adapted from [166, 168].
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A Schematic diagram of WOMBAT is shown in Figure 3.10 [168], and its working
principle can be summarized by: (i) A white beam of neutrons comes directly from
the OPAL reactor through the thermal neutron guide TG1 which is curved with a
small angle to reduce the fast neutron flux at the monochromator system. (ii) The
monochromator consists of 23 crystal plates of germanium (Ge115) which passes
single wavelength neutrons with a flux of up to ~108 ns-1 cm-2, and it excludes all
other wavelengths. (iii) The resulting single wavelength neutron beam will hit the
sample, producing Bragg peaks in the diffraction pattern for that sample. (iv) The
curved 2D monolithic position-sensitive detector, which has a 2θ range of 120°,
allows the detection of ~ 106 s-1 neutrons and images the diffraction pattern without
moving the detector. (v) A radial collimation system decreases the background due
to complex sample environments [166, 167, 169].

3.4 PPMS DynaCool
3.4.1 Introduction
Magnetic properties of single crystal rare earth orthoferrites (RFeO3) were
measured using a Physical Property Measurement System (PPMS, Quantum
Design). This was by far the most used instrument in my thesis project. The latest
generation of Physical Property Measurement Systems was used, the Quantum
Design DynaCool PPMS, shown in Figure 3.11. The DynaCool PPMS is an
instrument designed to measure different magnetic properties for different types of
samples and control the conditions of the sample throughout the measurement. In
addition, it can measure resistive properties, the Hall effect, thermal capacity and
conductivity, and AC susceptibility, using different measurement modules [170].
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The DynaCool system can cool both the temperature control system and the
superconducting magnet by a single two-stage pulse tube cryocooler. One of the
features in PPMS DynaCool is that the minimum amount of condensed liquid
Helium-4 is used for cooling both the sample chamber and the superconducting
magnet. PPMS DynaCool has an integrated cryopump that can pump out the sample
chamber to less than 10-4 Torr. To improve the temperature stability and cooling
power, the DynaCool uses a gas flow regulation system. This system helps the
DynaCool to control the sample cooling from 300 K to 1.9 K in less than 40
minutes.

Figure 3.11. PPMS DynaCool Quantum Design. The photograph
shows the computer, pump cabinet, and cryostat.
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3.4.2 Cryostat control system
The Cryostat Control System is responsible for keeping the cryostat components at
the correct temperatures to allow the normal operation of the rest of the subsystems.
Figure 3.12 shows a diagram of the components.
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Figure 3.12. Components of the cryostat control system for the DynaCool PPMS. The
components include the sample chamber, temperature control system, and magnetic field
control system. This scheme was adapted from [170].
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3.4.3 PPMS DynaCool measurement options
The PPMS DynaCool has many measurement options such as Electrical transport,
Multi-function

Probe,

Resistivity,

Rotator,

Torque

magnetometer,

AC

Measurement System (ACMS Ⅱ), and Vibrating Sample Magnetometer (VSM). In
this thesis, almost all magnetic measurements were conducted using the VSM
option, so it will be described in more detail.

3.4.4 The vibrating sample magnetometer (VSM)
The magnetic measurements were conducted using the vibrating sample
magnetometer (VSM) option of a Physical Property Measurement System (PPMS
DynaCool, Quantum Design). The VSM family of instruments includes fast and
sensitive DC magnetometers. Generally, the VSM option consists of some
important parts, such as the linear motor transport (in order to vibrate the sample),
VSM sample tube, sample rod, and pick-up coils, which are shown in Figure 3.13.
The system components for the PPMS DynaCool VSM option are shown in Figure
3.14.

(b)

(a)

(c)

(d)

Figure 3.13. (a) The vibrating sample magnetometer (VSM), (b) VSM coil, (c) VSM
sample tube, and (d) VSM sample rod.
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Figure 3.14. System components of the PPMS VSM option. This figure adapted
from [170].

3.4.5 Mounting of single crystal samples
There are many methods to mount a sample, depending on the sample type and
shape, but only the mounting used for single crystal samples will be described. For
the single crystals, a brass trough sample holder was used. It is made from cartridge
brass tubing with a cobalt-hardened gold plating finish. Then, using the samplemounting fixture, the sample was mounted onto the sample holder 35 mm from the
bottom of the sample holder, as shown in Figure 3.15. The height of the detecting
coil-set is 40 mm. Therefore, the sample was located with an offset of 35 mm,
allowing 5 mm of free space below the sample holder inside the coil-set. The
importance of this is to keep a safe space for the oscillation amplitude of the sample
rod [171].
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Sample-mounting
fixture
Sample
holder
Sample

Figure 3.15. The sample holder mounted in the sample-mounting fixture.

3.4.6 Centring of single crystal samples
To start centring the sample, the sample was oscillated in the centre of the coil
pair, as shown in Figure 3.16. The automatic sample centring is achieved with the
touchdown operation. To perform this operation, the end of the sample holder is
translated down by the linear motor transport to touch the bottom of the coil
assembly. At this point, the software knows the exact offset between the sample
and the coil-set, as the sample is always mounted 35 mm above the bottom of the
sample holder. The linear motor transport then adjusts the zero-position of the
sample, in which the sample is in the centre of the coil-set, in order to proceed.

Sample rod

Sample holder

Coil pair

Sample
Touching

Touchdow
Centred
n
Figure 3.16. The touchdown centring operation. This
figure was adapted from [170].
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3.4.7 Theory of VSM operation
The VSM operation is based on Faraday’s law, depending on the principle of
inducing a voltage in the pickup coils as a result of changing magnetic flux. A small
amplitude of sample movement in a homogenous magnetic field near the stationary
pickup coils will result in changing magnetic flux (Φ), which can be detected by
measuring the average voltage for both coils, as shown in Figure 3.17 [172, 173].

Figure 3.17. The working principle of the VSM. This figure was taken from [172].

The following equation shows the time-dependent induced voltage in each
coil:𝑉𝑐𝑜𝑖𝑙

=

𝑑Φ
𝑑𝑡

𝑑Φ

=(

𝑑𝑧

𝑑z

)( )

(3.2)

𝑑𝑡

where Φ represents the magnetic flux enclosed by the pickup coil, z is the vertical
position of the sample within the coil, and t is time. For a sinusoidally oscillating
sample position, the average voltage induced in the both coils could be given by
the following equation:
𝑉𝑐𝑜𝑖𝑙 = 2𝜋𝑓𝑃𝑚𝐴 sin(2𝜋𝑓𝑡)

(3.3)

In Equation (3-3), P represents a coupling constant, m represents the DC magnetic
moment of the sample, and A is the amplitude of oscillation, while f is the
frequency of oscillation.
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Generally, the VSM is set up so that it measures the difference in the voltages
induced in the two pickup coils, connected opposite to each other. This means that
the net induced voltage due to the external noise signal is zero because the noise is
the same at the positions of both coils (noise source is far away). The net voltage of
the two oppositely connected pickup coils due to the sample movement is non-zero,
however, because the sample is close to the coils and it induces different voltages
in each of the coils. A calibration procedure using a sample with known magnetic
moment is used to obtain the sample moment from the measured net voltage on the
two pick-up coils. This calibration is needed because the net voltage depends on the
exact arrangement and properties of the two coils; the two coils can never be made
exactly the same.

3.4.8 VSM magnetic measurement
VSM magnetic measurement, as shown in Figure 3.18, is performed by oscillating
the single crystal sample at the centre of the coil-set with a well-defined frequency
(40 Hz) and amplitude (2 mm). The voltage induced in the coil-set is then amplified
by the preamp and detected by the VSM Module (synchronous detection). The
VSM system can detect any magnetisation down to < 10-6 emu at a data rate of 1
Hz. The precise position and amplitude of oscillation are fully controlled by the
VSM motor module using an optical linear encoder signal read-back from the VSM
linear motor transport. To keep the correct amplitude of oscillation and sample
position, the Motor Module receives a raw encoded signal from the VSM linear
motor, and then the Motor Module sends an optical linear encoder signal as a
reference to the VSM Module for detection and recording. Therefore, the VSM
Module detection system receives two signals, the first signal from the pickup coil
as an amplified voltage and the second signal from the VSM motor as an optical
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linear encoder. Finally, the signals will be averaged and sent over the CAN network
adapter to the VSM application running on the PC.

VSM head (Linear Motor)
Motor Module (Servo control)
Raw Encoder Signal
Motor Drive Current

CAN network
adapter

PC

Driven Sample Rod
Encoder Position
Signal

Coilset Voltage (Vcoil)

VSM Module (Synchronous
detection)

Pick-up Coils

Figure 3.18. Operating principle of the VSM option. The scheme was adapted from [170].

A large applied field does not have a significant effect on VSM coil, as it is constant
during the measurement, or it changes very slowly in time. Therefore, the VSM can
achieve sensitive measurements up to maximum field applied. The independent
magnetization for every cycle of oscillation that is measured through the VSM
detection module depends on the position and voltage signals which were
generated. That is, a 40-Hz oscillation frequency could give a 40-Hz data rate from
the module through an amount of time that has been specified.
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3.5 Magnetic optical imaging (MOI)
3.5.1 Introduction
Studying the magnetic domain formation and behaviour in antiferromagnetic and
ferromagnetic materials helps us to understand the magnetization reversal
behaviour in single crystal samples and their magnetic structure. Generally,
magnetic domains can be found in materials as a result of minimization of the total
magnetic energy [174, 175]. Depending on the magnetic field history of a sample,
different magnetic domain patterns could be observed [175, 176]. The magnetic
domains can be observed using different techniques, such as Bitter’s powder
technique, atomic force microscopy [177], scanning electron microscopy with
polarization analysis (SEMPA)[178], and Faraday effect imaging[50]. Each one of
these techniques has certain advantages and disadvantages.
Magneto-optical (MO) microscopy based on the Faraday effect has been used
profusely for investigation of magnetic domains, using wavelengths in or close to
the visible spectrum [179]. Depending on the sample’s surface quality and the
correct adjustment of the MO contrast settings, high quality results can be recorded
[179].

3.5.2 Magneto-optical effects
The magneto-optical imaging (MOI) measurement principle mainly relies on the
Kerr effect and the Faraday effect [179]. Basically, the MOI effects are based on
small changes in the polarization state of light due to its dependence on the
magnetization state of the sample, which is then detected and used to form an image
of the magnetic. Zeeman exchange splitting together with spin-orbit interactions are
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considered to be the origin of the Faraday effect [180-182]. Depending on the
Faraday effect (which was discovered and described by Faraday in 1846)[180], the
polarization direction of polarized light rotates by a well-defined angle that depends
on the local magnetic field. The rotation angle θi is proportional to the length of
medium crossed by the polarized light and the magnetisation component in the
propagation direction of the polarized light in the medium [183]. This rotation angle
θi can be shown as:
θi= 𝑩 V L

(3.4)

where the V is the material constant (Verdet constant), 𝑩 = 𝜇0 (𝑯 + 𝑴) is the
magnetisation component, and L is the length of medium crossed by the polarized
light . Here, H is the external field, M is the sample magnetization, and 𝜇0 is the
permeability of vacuum.

3.5.3 Magneto-optical imaging measurements for RFeO3
samples
The MOI measurements were performed at the University of Wollongong/ School
of Physics laboratory using an MOI microscope in order to detect any magnetic
domains on the surfaces of the RFeO3 samples. The existence of the magnetic
domains could change the sample magnetization and affect this project’s results.
Therefore, it is important to measure the magnetic domains and record the magnetic
fields that are needed to eliminate the magnetic domain effect.
The MOI instrument consists of several important parts, as shown in Figure 3.19.
The process of magnetic domain measurements on RFeO3 samples is shown in
Figure 3.20 [183]. At room temperature, an external magnetic field was applied
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using a copper coil, within the range 20-200 Oe. The light source sends light
through the polarizer to the mirror, which reflects the polarized light onto the
magneto-optical film placed on top of the single crystal RFeO3 sample, as shown in
Figure 3.20. This thin film is made of a material that provides a strong rotation of
the polarization and can be used as a magneto-optical indicator for studying the
magnetization patterns of RFeO3 samples.

Camera

Eyepiece

Beam Splitter
Analyser

Polarizer
Light source

Mirror
Magneto optical
indicator film

RFeO3 single crystal sample

Figure 3.19. Schematic diagram of the MOI instrument.

The magneto-optical indicator film is already magnetically ordered within its plane.
The magnetization of this film can be tilted out of plane as a result of a nonhomogeneous magnetic field pattern (i.e. a domain structure) of the RFeO3 sample
when it is placed on top of the sample. The indicator film bottom has a mirror
surface which reflects the polarized light through the film again to the analyser. The
analyser reveals the pattern of sample magnetization and passes that pattern to the
beam splitter for detection. This magnetization pattern shows an inhomogeneous
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magnetic field in the MOI volume. Changing the angle of the analyser resulted in
an exchange of the dark and bright features in the MOI image for a RFeO3 sample,
as shown in Figure 3.20. A rotation angle θi between the light polarization plane
and the polarized light (Faraday effect) was observed, and the magnetic domain
patterns were measured in magnetic field just below 80 Oe, as the rotation is
dependent on the magnitude of the local magnetic field.
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Figure 3.20. The process of magnetic domain measurement. This figure
was adapted from [183].
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Chapter 4
Non–zero spontaneous magnetic
moment along crystalline b–axis for
rare earth orthoferrites
This chapter is devoted to the small non–zero magnetic moment along the b-axis,
Mb, which is contributed by Fe3+ ions at all temperatures. Magnetic rare earth (R3+)
ions strongly suppress this Mb at temperatures above ~200 K, making it
undetectably small. This suppression is disrupted at lower temperatures, making Mb
the highest (~10–3 μB/f.u.) in the spin reorientation region and also at the lowest
temperatures. The representation analysis of point groups shows that the non– zero
Mb is associated with a small admixture of Γ3 phase in Γ2 or Γ4. Such mixing of
three magnetic phases requires at least the fourth order of the spin Hamiltonian for
RFeO3 with non-magnetic R to describe the non–zero Mb.
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4.1 Introduction
RFeO3 compounds have recently attracted much attention, because of their potential
applications as spintronic and multiferroic materials [16, 25, 40, 41, 44, 69, 123,
139, 184, 185]. The focus of this latest research has been mostly on the exact
mechanisms of the spin reorientation, as well as on the details of their magnetic
structure, which can help to explain the complex magnetic interactions and the
occurrence of multiferroicity in some of these systems. RFeO3 systems with
magnetic R3+ undergo a spontaneous, gradual spin reorientation upon cooling
within a temperature range that spans from several K to several tens of K, as was
previously shown in Chapter 2. The reorientation of the ferromagnetic spin
component is reported to occur, in almost all RFeO3 samples, in the ac-plane [32,
46, 74, 92, 99, 110, 186-189]. Consequently, the net magnetic moment along the
crystalline b–axis is expected to be zero at all temperatures, which is also reported
in numerous neutron diffraction studies of RFeO3 magnetic structures [45, 74, 114,
190]. Neutron techniques have been the methods of choice in many reports on the
magnetic properties of RFeO3, providing detailed information on the magnetic
interactions and structures for these systems [45, 81, 112, 191]. Nevertheless,
neutron techniques cannot provide as much sensitivity to the net magnetic moment
as a vibrating sample magnetometer (VSM) can. Here, accurate measurements of
magnetic moments are presented along the three crystalline directions for several
types of RFeO3 single crystals. A small, but non-zero, spontaneous net magnetic
moment along the crystalline b–axis is demonstrated, which had not been picked
up by the neutron techniques. The magnitude of this b-axis moment is 2 orders of
magnitude below the detection limit of a typical neutron experiment. Furthermore,
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the magnetism of R3+ ions is not a prerequisite for this non-zero b–axis moment.
The implications of the non-zero magnetic moment along the b–axis are discussed
in terms of the representation theory of space groups [80]. These findings indicate
the existence of another weak interaction in RFeO3 systems, showing that the
current models require a small modification.

4.2

Experimental techniques

Single crystals of NdFeO3, ErFeO3, HoFeO3, and YFeO3 were measured using a
VSM. YFeO3 was the only system for which the rare earth ion, Y3+, was non–
magnetic [73, 74, 98, 123, 192]. It will help determine whether Fe3+, R3+, or both
contribute to the non-zero b–axis magnetic moment of RFeO3. The polarization of
Nd3+ and Er3+ results in their net magnetic moments being the opposite to the net
magnetic moment of Fe3+, while it is in the same direction as Fe3+ for Ho3+. The
floating zone method was used by Prof. Shixun Cao’s group at Shanghai University,
China, for the growth of all crystals [55, 137]. The single crystal samples in this
thesis were examined by X-ray Laue photography, to ascertain the crystallinity and
crystallographic orientations. The back–reflections of Laue XRD patterns (Figure
4.1) confirmed the orthorhombically distorted perovskite structure with Pbnm
symmetry for the single crystal samples in this thesis, showing the high single
crystallinity of the studied crystals with no evidence of twinning. The Laue XRD
patterns also show that the cutting planes are perpendicular to the a–, b–, and c–
axes, respectively. These measurements were performed by Prof. Shixun Cao’s
group at Shanghai University, China. Magnetic measurements were performed
using the vibrating sample magnetometer (VSM) option of a Physical Properties
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Measurement System (PPMS–9, Quantum Design). The frequency of VSM
vibration was 40 Hz, and the amplitude was 2 mm. The sweep rate of temperature
was 2 K/min. Measurements on the temperature dependence of the magnetic
moment, M(T), were conducted with the field-cooled–cooling procedure (FCC).

Figure 4.1. X-ray Laue photographs for the a–, b–, and c– crystalline axes, taken at room
temperature for RFeO3, where R = Nd, Y, Er, Ho. These measurements were performed by
Prof. Shixun Cao’s group at Shanghai University, China.
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The value of the magnetic moment was normalized to the formula unit (i.e. RFeO3),
f.u., to allow meaningful comparisons between different RFeO3 systems.
The magnetic domains of RFeO3 samples were observed using the magneto-optical
imaging technique (MOI). The MOI measurements were conducted at room
temperature using an metallurgical microscope and an indicator film with in-plane
magnetization. The magnetic field produced by the sample tilts the magnetization
of the film out of the plane. The out-of-plane component of the magnetization of
this film causes rotation of the light polarization as it passes through the film. Using
a polarizer/analyser setup, it is possible then to detect the magnetic structure at the
surface of the sample [175, 179, 180, 183, 193, 194]. This method can accurately
display the magnetization structure of the sample. The magnetic field was applied
using a coil with 100 -400 Oe of field.

4.3

Obtaining the spontaneous moment along the b-axis

and eliminating the artefacts
There are several possible artefacts that had to be avoided to ascertain whether
there was a spontaneous non–zero magnetic moment along the crystalline b–axis:
effect of magnetic domains, spin tilting by magnetic field (H), sample misalignment
in the sample holder, twins in the single crystals, irreversibilities associated with
not heating the crystal to above the ordering temperature of Fe3+ between different
temperature scans, and background moment due to the sample holder and any other
small artefacts of the magnetometer. Each of these possible artefacts is described
below, together with the method for their elimination or for correction of their
effects on the measurements.
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4.3.1 Effect of magnetic domains
The samples were measured at room temperature using the magneto-optical
imaging technique (MOI) in order to detect any magnetic domains. The
measurements displayed magnetic domains on the surfaces of the RFeO3 samples
as shown in Figure 4.2. Changing the angle of the analyser resulted in an exchange
of the dark and bright features in the MOI image (Figure 4.2), confirming that these
features are of magnetic origin, i.e. magnetic domains. The existence of these
domains can change the sample magnetization, and their effects have to be
eliminated from the measurement.

Magnetic domains

Figure 4.2. The magnetic domains for HoFeO3 single crystal for the ab-plane at room
temperature, for two different angles of the analyser.

These magnetic domains disappeared when a magnetic field of around 170 Oe was
applied along c-axis. Their effects on M(T) can be avoided by measuring at high
enough fields, at which M(H) is reversible and there are no jumps in the hysteresis
loops. Because of that, all M(T) measurements were performed in a small field,
which was high enough to eliminate magnetic domains, and the sample
magnetization was in a fully reversible regime. Typically, an applied field of H >
100 Oe was needed in M(T) measurements for NdFeO3 to avoid domain wall jumps
at all temperatures, as found from measurements of hysteresis loops (Figure 4.3).
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The values of the coercive field, Hc, were below 50 Oe for NdFeO3, in agreement
with other reports [117]. The abrupt changes of magnetization were assigned to the
domain wall jumps, which represent extrinsic properties of the crystals [93, 117].
Figure 4.3 displays magnetic hysteresis loops for NdFeO3 at different temperatures
across the spin reorientation temperature (SRT) range. M(H) loops measured along
the c–axis are shown in Figure 4.3F(a) and M(H) loops measured along a–axis are
shown in Figure 4.3(b). There are three prominent features of the hysteresis loops:
(a) abrupt changes of magnetization (rectangular shape) above the SRT range for
the c–axis and below the SRT range for the a–axis, (b) a linear reversible change of
M below the SRT range for the c–axis and above the SRT range for a–axis, and (c)
S-shaped loops through the SRT range (170–100 K). The value of the coercive field,
Hc, for ErFeO3 was 80 Oe above the SRT along the c–axis and below the SRT
along the a–axis, as shown in Figure 4.3(a, b). Therefore, M(T) measurements were
also performed with applied field H > 100 Oe.
For the HoFeO3 crystal, Hc was around 250 Oe when measuring Mc, as shown in
Figure 4.4, , so M (T) measurements needed H > 300 Oe to avoid domain wall
artefacts. However, when measuring HoFeO3 along a–axis, an anomaly in Ma(T)
was observed just below the spin reorientation temperature at elevated fields. This
anomaly indicates possible occurrence of a new field-induced magnetic phase at
the elevated fields. As these elevated fields are needed to avoid the effects of
magnetic domains on the measurements for this sample, Ma(T) for HoFeO3 will
not be considered in further analysis at temperatures below the spin reorientation.
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Lastly, for the YFeO3 sample, Hc had a high value, around 2000 Oe along the a-axis,
while it was around 300 Oe along the c-axis as is illustrated in Figure 4.4(c, d). Therefore,
H > 2000 Oe and H > 300 Oe were needed along the a and c-axis, respectively, to avoid
the domain wall artefacts.

Figure 4.3. Magnetic hysteresis loops for NdFeO3 and ErFeO3: (a) measured along the crystalline
c–axis for NdFeO3, (b) measured along the crystalline a–axis for NdFeO3, (c) measured along the
crystalline c–axis for ErFeO3, and (d) measured along the crystalline a–axis for ErFeO3.
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Figure 4.4. Magnetic hysteresis loops for HoFeO3 and YFeO3: (a) measured along the
crystalline c–axis for HoFeO3, (b) measured along the crystalline a–axis for HoFeO3, (a)
measured along the crystalline c–axis for YFeO3, and (d) measured along the crystalline a–
axis for YFeO3.
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4.3.2 Effects of spin tilting by magnetic field
All the measurements were performed at high enough fields that there were no
magnetic domains in the samples and M was a linear function of H. The linear,
reversible part of the hysteresis loops indicates how much the spins were tilted by
the applied magnetic field, through the temperature-dependent values of the
magnetic susceptibility. Tilting of the spins by a magnetic field can result in values
of magnetic moment comparable to the magnetic moment along the crystalline b–
axis (Mb), and the effect of the tilting needs to be eliminated from the measurements.
To obtain the spontaneous magnetic moment, M(T) measurements were performed
at different values of the applied field (H) for each crystalline direction, with the
values of H high enough to eliminate the magnetic domains in the crystals. Care
was taken not to apply too high a field, however, which could change the underlying
magnetic structure, and the extrapolation to H = 0 would not be meaningful. For
each T, the values of magnetic moment measured at different fields were then
extrapolated to H = 0. This procedure was used for all three crystalline directions,
to avoid the spin-tilting effects at temperatures where the magnetic moment along
the a-axis, Ma, and the magnetic moment along c-axis, Mc, become small. Figure
4.5 illustrates this procedure for the case of NdFeO3. M(T) was measured between
5 K and 300 K at fields between 100 and 400 Oe. For each temperature, the values
of magnetization measured at different fields were fitted with a straight line and
extrapolated to H = 0, as shown in Figure 4.5(d). In a similar way, Figure 4.6, Figure
4.7, and Figure 4.8 display the M(T) measurements along the three crystalline axes
for ErFeO3, HoFeO3, and YFeO3, respectively. A different magnetic field for each
sample direction was applied, depending on the Hc of that sample. For each
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temperature, the values of magnetic moment measured at different fields were
extrapolated to H = 0 in order to obtain the M-T curve at zero applied field and
avoid the effects of spin tilting by the field.

Figure 4.5. Extrapolation of M (T) measured at elevated fields to H = 0 for NdFeO3 in the
crystalline direction along: (a) the a–axis, (b) the c–axis, and (c) the b–axis. (d) Linear
extrapolation of measured magnetic moments to H = 0 for NdFeO3 crystal.
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Figure 4.6. Extrapolation of M (T) measured at elevated fields to H = 0 for ErFeO3 in the
crystalline direction along: (a) the a–axis, (b) the c–axis, and (c) the b–axis. (d) Linear
extrapolation of measured magnetic moments to H = 0 for ErFeO3 crystal.
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Figure 4.7. Extrapolation of M(T) measured at elevated fields to H = 0 for HoFeO3 in
the crystalline direction along: (a) the a–axis, (b) the c–axis, and (c) the b–axis. (d)
Linear extrapolation of measured magnetic moments to H = 0 for HoFeO3 crystal.

102

Chapter 4. Non-zero spontaneous magnetic moment along crystalline b-axis

Figure 4.8. Extrapolation of M(T) measured at elevated fields to H = 0 for YFeO3 in the
crystalline along: (a) the a–axis, (b) the c–axis, and (c) the b–axis. (d) Linear extrapolation of
measured magnetic moment to H = 0 for YFeO3 crystal.
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4.3.3 Effects of sample misalignment and crystal twinning
As the values of Mb are expected to be zero (or very small), while Ma and Mc are
much larger than Mb, any sample misalignment from the magnetometer axis will
result in a projection of Ma and Mc onto the nominal b-axis that is comparable to
any real non-zero Mb. Furthermore, any twinning of the crystal, which could
provide a non-zero projection of Ma and Mc for the twinned volume onto the
crystalline b-axis, would also give an artefact of non-zero Mb. To ascertain if there
is any twinning in the crystals, the neutron Laue technique was performed to check
for twinning in the whole volume of the crystal. This was done at ANSTO, using
the KOALA beam. The interpretation of the data did not result in meaningful
information on the twinning, however, partly due to magnetic reflections, which
complicated the data analysis, and partly due to continuous wavelengths used in the
Laue technique. Therefore, single crystal X-ray diffraction studies were performed
at 294 K using monochromated Mo Kα radiation (λ = 0.71073 A˚) on samples of
ErFeO3 using a Rigaku XtaLAB mini II Benchtop Single Crystal X-ray
Diffractometer (SCXRD). This single wavelength technique is more suitable
(sensitive) for the detection of twins than Laue diffraction, but it provides
information only about the thin surface layer of the crystal. Small crystals (< 0.2
mm in size) were cleaved from the surface of a large ErFeO3 crystal for these
measurements. These small samples contained between 2 and 5% twin components:
90 around 001, 180 around 001, 100 and 0.74 0.67 0. The 180 twins around the
principal axes merely change the sign of the crystalline axis, without affecting the
magnetic moment. Furthermore, the direction of the magnetic moment may vary
randomly within a family of 90 twins, as the magnetic anisotropy energy is the
104

Chapter 4. Non-zero spontaneous magnetic moment along crystalline b-axis

same for the + and – directions of the crystalline axis. Therefore, with a statistically
significant distribution of the twins, their magnetic moments would add up to ~zero,
similar to a system of magnetic domains. Nevertheless, the twinning will be
assumed to have made a contribution to the b-axis moment, and this will be
corrected. To avoid artefacts of twinning and sample misalignment in the
experiment, the temperature dependence of the magnetic moment was compared
along each of the crystalline axes. If Mb occurs through a projection of Ma and Mc
onto the nominal b-axis of the measurement, Mb should follow the temperature
dependence of Ma and Mc, i.e. linear combination of the two. If, however, a different
temperature dependence of the measured Mb is obtained, non-zero Mb must exist.
This procedure is described in more detail below, which also shows that the
correction for the sample misalignment and twinning has the same mathematical
form.
The measured magnetic moments along the three nominal crystalline axes can be
described as:
𝑀`𝑎 = 𝑀𝑎 + ϖ𝑀𝑏 + Θ𝑀𝑐 + Λ𝑀𝑐
𝑀`𝑐 = 𝑀𝑐 + Π𝑀𝑎 + 𝜕𝑀𝑏 + 𝜂𝑀𝑎
𝑀`𝑏 = 𝑀𝑏 + Ξ𝑀𝑎 + Σ𝑀𝑐 + Ր𝑀𝑐 + Ψ𝑀𝑎 ,

(4.1)

where Ma, Mb, and Mc are the true magnetic moments along the corresponding
crystalline axes. The terms with ϖ, Θ, Π, 𝜕, Ξ, and Σ are the contributions to the
measured moment by the twinned crystal volumes. They depend on the Euler angles
and volume fraction of each twin. Their values are much smaller than 1, as less than
2% of the crystal volume is occupied by the twins. The terms with Λ, η, Ր, and Ψ
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are contributions to the measured moment by the projections of Ma and Mc onto the
axis of the magnetometer through sample misalignment in the magnetometer. They
represent cosines of the small misalignment angles. As an experiment has shown
that Mb << Ma, Mc, the contribution of Mb to M`a and M`c due to the sample
misalignment was neglected. Rearrangement of Eq. 4.1 gives:
𝑀`𝑎 = 𝑀𝑎 + ϖ𝑀𝑏 + (Θ + Λ)𝑀𝑐
𝑀`𝑐 = 𝑀𝑐 + 𝜕𝑀𝑏 + (Π + η)𝑀𝑎
𝑀`𝑏 = 𝑀𝑏 + (Ξ + Ψ)𝑀𝑎 + (Σ + Ր)𝑀𝑐 .

(4.2)

Therefore, the combined contributions of the sample misalignment and twinning
results to the measured moment along a particular axis consist of a linear
combination of the true moments along all 3 crystalline axes. To obtain the true
magnetic moment along the crystalline b-axis, 𝑀`𝑏 should only be considered,
which can be redefined for simplicity as:
𝑀`𝑏 = 𝑀𝑏 + ϔ𝑀𝑎 + ϓ𝑀𝑐 .

(4.3)

The measured temperature dependences of Ma and Mc show that Ma = 0 at high
temperatures and Mc = 0 below the temperature of spin reorientation (Figure 4.12).
If it is assumed that Mb = 0, as reported in the literature, it should be possible to fit
M `b(T) should be possible to fit with linear combinations of Ma(T) and Mc(T), as
given by Eq. 4.3. To achieve that, the initial value of ϔ was obtained from an
arbitrarily chosen low-temperature value of Ma, where Mc = 0, as ϔ = M `b/M `a.
The initial value of ϓ was obtained at high temperatures, where Ma = 0, as ϓ =
M `b/M `c. These values of ϔ and ϓ were further refined through the fitting
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procedure, to obtain the best agreement between the measured M `b(T) and the fit
by Eq. 4.3 (assuming Mb = 0). Obtaining a good fit to M `b(T) at all temperatures
would signify that Mb = 0. If the fit cannot follow M `b(T) at least at some
temperatures, however, Mb has to be non-zero at these temperatures. The
temperature dependence of Mb is then obtained as:
𝑀𝑏 (𝑇) = 𝑀′ 𝑏 (𝑇) − ϔ𝑀𝑎 (𝑇) − ϓ𝑀𝑐 (𝑇).

(4.4)

The fitting coefficients ϔ and ϓ depend on the crystal twinning and sample
misalignment in the magnetometer, and they are not temperature-dependent. It was
assumed here that the twins have the same temperature dependence of Ma, Mb, and
Mc as the main crystal body. In this way, it was possible to eliminate the effects of
twinning and sample misalignment on the measured Mb. One has to stress that the
thus obtained Mb(T) is not completely defined. It depends in principle on the choice
of the temperature range for which the fit agrees with the measured M `b(T), as M `a
and M `c are not exactly zero at high and low temperatures, respectively. This means
that the Mb(T) obtained from Eq. 4.4 can be slightly tilted, as defined approximately
by a straight line connecting the points in the (M, T) diagram that gave us the initial
estimates of ϔ and ϓ. The use of this correction procedure is illustrated in Section
4.4. In order to further check for the existence of twins in the single crystal samples,
neutron measurements have been conducted using a single neutron wavelength at
the Australian Center of Neutron Scattering (ACNS) which is located in Australian
Nuclear Science and Technology Organisation (ANSTO), which was previously
described in Chapter 3. The WOMBAT high-intensity neutron diffractometer was
used at different temperatures with a wavelength λ =1.5 A˚ to detect any twins at
different planes in the whole volume of the crystals using an Euler cradle. Figure
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4.9 displays the neutron diffraction measurements for ErFeO3 single crystal at 50 K
for different planes. The neutron diffraction using WOMBAT showed well-defined
sharp spots, without accompanying twin spots, indicating that crystal twins did not
exist in the crystal. It was estimated that, if there were any twins in the sample, they
would have to occupy much less than 1% of the crystal volume in order to obtain
the observed diffraction spots (Figure 4.9). These results are more reliable than the
single crystal XRD, because neutron diffraction gives information on the whole
volume of the crystal. The XRD measurements, on the other hand, had to be
performed on a tiny crystal due to low penetration depth of the X-rays.
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Figure 4.9. Neutron diffraction of ErFeO3 single crystal at 50 K, for different planes of the
crystal. The lines are due to the diffraction on the aluminium holder.

108

Chapter 4. Non-zero spontaneous magnetic moment along crystalline b-axis

These tiny crystals had a much larger surface to volume ratio than the large
crystals used in the neutron diffraction. Furthermore, cleaving the small crystals of
the big sample could have created twins on the sample surface. Therefore, neutron
diffraction on ErFeO3 using the WOMBAT spectrometer shows that crystal twins
do not exist, at least in this sample, so the obtained Mb cannot be a consequence of
crystal twinning.

4.3.4 Effects of irreversibilities and magnetometer artefacts
In the measurements in this thesis, crystals were measured at temperatures up
to 300 K, which is well below the ordering temperature of Fe3+ spins. This could
lead to artefacts associated with irreversibilities in the Fe3+ system and polarization
of R3+ ions by ordered Fe3+.

Figure 4.10. (a) Extrapolation of M(T) measured at elevated fields to H = 0 for Dy2O3 (b) M(T)
measured for the sample holder.

To avoid these artefacts, sample demagnetization from above 1 T in field cycles
with the amplitude gradually decreasing to zero helped to maintain the
reproducibility of the measurements. If there were any unusual non–reproducible
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jumps or steps obtained in the temperature dependence of the magnetization, M(T),
the whole measurement was discarded and repeated after a further demagnetization
cycle, starting with a higher field. To eliminate the magnetic moment of the sample
holder and any other artefacts of the magnetometer, the M(T) measurements were
performed on the paramagnetic Dy2O3 sample in the same way, at the same
magnetic fields, and with the same sample holder as for the M(T) measurements of

Figure 4.11. Temperature dependence of the magnetic moment measured and corrected
along the crystalline b– axis for all the samples : (a) NdFeO3, (b) ErFeO3, (c) HoFeO3,
(d) YFeO3.
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RFeO3 samples, and then extrapolated to zero field, as is shown in Figure 4.10(a).
Extrapolation of M(T) for Dy2O3 to H = 0 gave the background M(T) that was
subtracted from the measurements for RFeO3.Figure 4.10(b) presents the M(T)
curve for the sample holder. No clear features can be seen around the SRT where
the Mb-T change significantly. Figure 4.11 displays the measured and the corrected
Mb for all samples. This correction was much smaller than typical values of Mb
extrapolated to H = 0.

4.4

Results and Discussion

The temperature dependence of the magnetization extrapolated to H = 0 along the
three crystalline axes is shown in Figure 4.12 for all the measured RFeO3 samples.
For the crystals with magnetic rare earth, R = Nd, Er, and Ho, the magnetization at
room temperature lies along the crystalline c–axis. Mc slowly decreases with
cooling for R = Nd3+, Er3+, because the average moment of polarized R3+ ions is
oriented in the opposite direction to the ferromagnetic spin component of the
magnetically ordered Fe3+ ions [28, 99, 115, 195]. As the polarization of R3+
strengthens with cooling, the net magnetic moment decreases. For R = Ho, Mc
increases with cooling because the polarized moment of Ho3+ is oriented in the same
direction as the ferromagnetic component of the ordered Fe3+ ions . Spontaneous
spin reorientation occurs continuously within a temperature range specific to each
R, which is denoted as the SRT range. In the SRT range, Mc decreases with cooling,
and Ma increases at the same time. The range of the SRT is 100 – 170 K, 85 – 95
K, and 49 – 58 K for R = Nd, Er, and Ho, respectively. The reorientation of the
ferromagnetic spin component is commonly described as occurring in the
crystalline ac-plane [32, 74, 186]. Ma of Fe3+ is expected to be zero at 300 K, and
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Mc is expected to be zero below the SRT. A deviation in measured Ma and Mc from
zero is often due to sample misalignment in the magnetometer, so that the projection
of Mc appears in the measurements of Ma above the SRT, or the projection of Ma
appears in the measurements of Mc below the SRT.

Figure 4.12. Temperature dependence of the magnetic moment measured along
crystalline a–, b– and c–axes in extrapolation to H = 0: (a) NdFeO3, (b) ErFeO3,
(c) HoFeO3, (d) YFeO3.
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The deviation from zero can be also caused by the polarization of the R3+ ions by
the magnetically ordered Fe3+ ions. The sample misalignment effects can be easily
corrected for, although only the samples with a near-zero Ma at 300 K and nearzero Mc just below the SRT were used for the extraction of Mb, for which there was
no need for further corrections.
ErFeO3 additionally displays an abrupt magnetization reversal from negative to
positive values on cooling, at temperatures well below the SRT (below 50 K). This
abrupt magnetization reversal at field-dependent temperatures renders the
procedure for the magnetization extrapolation to H = 0 unsuitable at these
temperatures, and for this reason, the M(T) curves of ErFeO3 will not be considered
in the analysis of Mb(T) below 45 K.
The gradual change in the magnetization in the SRT region does not suffer from
such issues. The magnetization reversals also occur for NdFeO3, but below 10 K in
the samples, and they are not shown in Figure 4.12. as the as-measured Mb is small
but non–zero in the measurements for all the samples, especially in the SRT region.
It is shown later that the obtained non-zero Mb(T) cannot be interpreted as a result
of sample misalignment in the magnetometer or crystal twinning, so it is a real
phenomenon. Measurements of YFeO3, for which Y3+ is non–magnetic, are shown
in Figure 4.12(d). The net magnetization of YFeO3 is oriented along the crystalline
c–axis at all temperatures, without spontaneous spin reorientation. This
magnetization is contributed by Fe3+ only, as Y3+ is non-magnetic in YFeO3 [98].
Non–zero Ma(T) and Mb(T) were also measured for YFeO3.
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The temperature dependence of the measured Mb extrapolated to H = 0 is shown in
Figure 4.13. Mb is apparently non–zero for all samples measured.

Figure 4.13. Temperature dependence of the measured, fitted, and intrinsic Mb (i.e.
measured Mb – fit to Mb) for all measured RFeO3 samples: (a) NdFeO3, (b) ErFeO3, (c)
HoFeO3, (d) YFeO3.
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To ascertain if this non–zero Mb was obtained because of slight sample
misalignment in the sample holder and/or twinning effects, a fitting of Mb was
performed with a linear combination of Ma and Mc: Mb,fit = ϔ Mc + ϓ Ma. As shown
in Section 4.3.3, Equation 4.3, an agreement between Mb,fit(T) and measured the
magnetic moment along the b-axis would signify that the real Mb(T) is zero. Fitting
parameters ϔ and ϓ (equation 4.3) contain the cosines of the misalignment angles,
accounting for the projections of Ma and Mc onto the magnetometer axis, together
with the Euler angles representing the projections of the twinned sample volumes,
as was shown in 4.3.3. Initial values of ϔ and ϓ were obtained from the experiment.
The value of ϔ was obtained as Mb/Mc at 300 K for the samples with magnetic R3+,
where Ma  0.
The value of ϓ was obtained as Mb/Ma at a temperature just below the SRT region,
where Mc  0. Further refinement of the values for ϔ and ϓ was performed, to
further improve the agreement between Mb,fit(T) and Mb(T). As seen in Figure
4.13, the measured Mb is rather different from the best data–matching Mb,fit. For
HoFeO3, only the data above spin reorientation is shown because spontaneous
Ma(T) could not be obtained at lower temperatures, as described above. Therefore,
the measured non-zero Mb is not an artefact of crystal twinning or sample
misalignment in the magnetometer, but an intrinsic property of the samples
measured. Qualitatively, the same argument was obtained by using the data
measured at a non-zero field, i. e. not extrapolated to H = 0. Subtracting the
Mb,fit(T) from the measured Mb(T) provides the temperature dependence of
intrinsic Mb, as given by Equation 4.4. For YFeO3, Ma (T) can be fitted well with
the projection of Mc(T) onto the magnetometer axis, and it occurs in the
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measurements because of sample misalignment in the magnetometer by 5° when
measuring Ma(T). Mb(T) cannot be fitted by linear combinations of Mc(T) and
Ma(T), just as for the other crystals. As YFeO3 does not undergo spin reorientation,
it is obvious for this sample that Mb(T) would have to be proportional to Mc(T) if
sample misorientation and twinning were responsible for the obtained non-zero
Mb. The measurements unquestionably exclude this possibility (Figure 4.13),
confirming that YFeO3 has intrinsic non-zero Mb(T).
The final Mb(T), after all of the corrections described above, is shown in Figure
4.14. By obtaining the Mb (T) through subtraction of the Mb,fit from the measured
Mb, it is assumed that the net value of the intrinsic Mb is zero at room temperature.
This assumption can be justified for systems with magnetic R3+ by the negligible
experimental value of Mb and its weak temperature dependence, if any, for T >
200 K. Furthermore, the measured Mb/Mc is temperature independent above 200
K for NdFeO3 and ErFeO3, suggesting that the measured Mb is merely a projection
of Mc onto the magnetometer axis at these temperatures. Without this assumption,
the values of Mb for each RFeO3 would be given up to an unknown additive
constant above the SRT. The value of Mb for RFeO3 with magnetic R3+ is the
largest at the peak within the SRT region and also at a lower temperature. This
would indicate that the polarization of R3+ ions is responsible for the non–zero Mb,
as the polarization is strongest at low temperatures. Measurements on YFeO3, for
which Y3+ is non–magnetic, help to assess the validity of this hypothesis. Figure
4.13 and Figure 4.14 show that the value of Mb is non–zero for YFeO3 as well,
but the temperature dependence is qualitatively quite different from those of the
other RFeO3. The value of Mb can no longer be assumed to be zero at room
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temperature for YFeO3 because Mb/Mc is not temperature independent. Therefore,
the absolute values of Mb cannot be determined by the method for YFeO3, and
Figure 4.13(d) and Figure 4.14 show its temperature dependence up to an additive
constant. The remarkable difference in Mb(T) between YFeO3 and the other RFeO3
crystals with magnetic R3+, as well as the non–zero Mb(T) of YFeO3, together
imply that for magnetic R3+, both R3+ and Fe3+ contribute to the net value of Mb.
Figure 4.14 shows that Mb is close to zero at room temperature for all RFeO3 with
magnetic R3+. For R = Nd, Er, Mb remains zero upon cooling above the SRT region
and then increases strongly with further cooling below the onset temperature of
spin reorientation, reaching a positive maximum within the SRT region. It reaches
another maximum below the SRT region. For HoFeO3, for which the net moments
of R3+ and Fe3+ are in the same direction above SRT, Mb increases with cooling
below ~250 K, even above the SRT range. Mb cannot be obtained below SRT with
the methods employed here for HoFeO3. For YFeO3, Mb just increases
monotonically with cooling. The procedure of fitting the measured Mb(T) with a
linear combination of Ma(T) and Mc(T) and then taking the intrinsic Mb(T) has
emphasized the differences between the measured Mb(T) curves, and this fit can
result in a distortion of the thus obtained Mb(T). This is because it was assumed
initially that the measured Mb(T) might consist only of the projections of Ma and
Mc on the magnetometer axis when measuring Mb(T). This assumption about the
measured Mb was taken, that Mb = βMa at the temperature just below the spin
reorientation, which fixes the value of the “real” Mb to zero at this temperature. It
is possible, however, that the intrinsic Mb at the temperature just below the spin
reorientation is non–zero, which would change the slope of Mb(T) in Figure 4.14.
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Despite this ambiguity, the procedure still shows that the intrinsic Mb(T) is non–
zero in a broad temperature range for RFeO3, and it provides Mb(T), defined up to
an unknown additive linear function of T.

Figure 4.14. Comparison of the temperature dependence of Mb extrapolated to H = 0 for all the
samples measured, after correcting for the sample misalignments, twinning, and instrumental
background. The magnetic moment was normalized to the formula unit (f.u.) for each system. The
spin reorientation occurs between: 100 and 170 K for NdFeO3, 89 and 95 K for ErFeO3, and 49
and 58 K for HoFeO3.

Figure 4.14 shows that YFeO3 has the largest Mb and consequently, that Fe3+ ions
are the main contributors to Mb above the SRT. The Mb was arbitrarily assumed to
be zero for YFeO3 at 300 K through the procedure correcting for the sample
misalignment and crystal twinning. Because Mb(T) for YFeO3 is a monotonically
decreasing function of T and YFeO3 has no known magnetic phase transition in this
temperature range, it is unlikely that it would become negative above 300 K.
No spin reorientation is reported for YFeO3. Consequently, it would make sense to
assume that Mb should reach zero at the Néel temperature for YFeO3, i.e. at ~645
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K [32, 123, 124], and not at 300 K. This means that the true values of Mb for YFeO3
should be substantially larger than what is shown in Figure 4.14. For RFeO3 with
magnetic R3+, Mb seems to be strongly suppressed by the magnetic moment of R3+
at temperatures above ~ 200 K, giving Mb  0. This suppression appears to be
significantly disrupted in the SRT region and also at temperatures well below the
SRT range, where the polarization of R3+ is strong. The polarization of R3+ was
shown to change substantially through the SRT region, which supports the
argument [84]. Therefore, the polarization of R3+ spins plays a significant role in
Mb. The literature overwhelmingly reports the Mb of RFeO3 to be zero, mostly on
the basis of neutron techniques. The antiferromagnetic axis tilts towards and away
from the b–axis with temperature change, however. For example, a neutron powder
diffraction study of ErFeO3 reveals an antiferromagnetic spin component of Fe3+
along the b–axis of ~1 μB/f.u. at 4 K [184]. Its value decreases with T and is no
longer detectable above 8 K. A similar trend is reported for Er3+ spins. Magnetic
resonance [120],

magnetostriction [196], and Mössbauer studies of HoFeO3

crystals show that the antiferromagnetic vector, G, of Fe3+ is tilted by up to 20°
towards the crystallographic b–axis in its SRT region and by ~ 10° outside this
region. These reports show that the antiferromagnetically coupled spin components
in RFeO3 spontaneously rotate out of the ac-plane with temperature change. These
spin components do not contribute to the net magnetic moment along the crystalline
b–axis. Any disruption of the symmetry within this antiferromagnetic coupling,
however, which is affected by the change of complex magnetic anisotropies in
RFeO3 with T, would effectively result in a ferromagnetic component along the b–
axis.
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Table 4.1. Allowed magnetic structures for Pbnm space group, obtained from the
representation analysis of space groups [79]. The subscripts a, b, c refer to crystalline a–, b–,
and c–axes, respectively. The spin arrangement of the four Fe3+ or the four R3+ sites in the unit
cell is described by the base vectors: A = (+, −, −, +), G = (+, −, +, −), C = (+, +, −, −), and
F = (+, +, +, +).

Irreducible
representation

Structure for
Fe3+ sites

Structure for
R3+ sites

Γ1

AaGbCc

cc

Γ2

FaCbGc

facb

Γ3

CaFbAc

cafb

Γ4

GaAbFc

fc

Γ5

−

gaab

Γ6

−

ac

Γ7

−

gc

Γ8

−

aagb

The representation analysis of space groups [79] gives all possible magnetic
structures that are allowed on the basis of the symmetry of a particular crystal. The
crystal structure of RFeO3 can be described by the space group Pbnm. All magnetic
reflections can be indexed by the crystallographic system with the propagation
vector k = 0 [184]. The irreducible representations Γ1 − Γ8 obtained in this analysis
describe the allowed magnetic structures for the Pbnm space group on the basis of
symmetry considerations, as given in Table I [79]. The symmetry–allowed
representations Γ5 – Γ8 are not realized for Fe3+. Γ1 consists only of
antiferromagnetic components A, G, and C, and therefore does not describe the spin
structure of those RFeO3 for which experiments reveal ferromagnetic components.
Γ1 is reported to coexist with Γ2 in the SRT region of HoFeO3 , or on its own below
the SRT of DyFeO3 [133]. Because Mb is considered to be zero for RFeO3 systems,
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however, their magnetic structure is usually described by Γ2 and Γ4 which do not
have ferromagnetic components along the crystalline b–axis (Table 4.1).
The measurements, however, give non–zero Mb over a broad temperature range
(Figure 4.14). The only irreducible representation that allows net non–zero Mb is Γ3
(Table 4.1), for which both Fe3+ and R3+ sites have a ferromagnetic component
along the crystalline b–axis. This is in excellent agreement with the measurements
for RFeO3 with magnetic R3+ and YFeO3 with non–magnetic R3+ (Figure 4.14),
which can be explained only if both Fe3+ and R3+ have a magnetic component along
the crystalline b–axis. The b–axis ferromagnetic component of R3+ seems to be
oriented in the opposite direction to Fe3+, fully compensating the Mb contributed by
Fe3+ above ~200 K (Figure 4.14). Therefore, the measurements imply that there is
a small admixture of Γ3 structure in either the Γ2 or the Γ4 structure outside the SRT
region. Within the SRT region, the Γ2, Γ3, and Γ4 structures co–exist. This is in
agreement with the symmetry considerations, since any spin system can belong to
up to three irreducible representations [79]. This Γ3 occurs spontaneously in RFeO3,
as opposed to the field-induced Γ3 structure reported earlier for HoFeO3 [82].
The observation of non–zero Mb(T) also points to the type of spin Hamiltonian
required for the description of the corresponding magnetic structure. The
representation analysis shows that for RFeO3 systems with non–magnetic R3+, a
fourth or even higher order of spin Hamiltonian is required if the spin components
do not belong to the same irreducible representation at a given temperature [79].
For RFeO3 with magnetic R3+, however, the Hamiltonian does not necessarily have
to be of an order larger than two if the spins belong to more than one irreducible
representation. Therefore, the appearance of non–zero Mb(T) associated with an
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admixture of Γ3 phase for YFeO3 requires the order of the Hamiltonian to be order
four or more in the spins, to account for the observed non–zero Mb(T). Even though
the representation analysis does not require such a Hamiltonian for RFeO3 with
magnetic R3+, it also does not exclude it either. and the same may also be true for
them, at least below 200 K.

4.5

Conclusions

The magnetic measurements show that rare earth orthoferrites exhibit a non–zero
spontaneous magnetic moment along the crystalline b–axis, Mb. This Mb is
contributed by both Fe3+ and R3+ ions. Magnetic R3+ ions suppress the Mb
contribution of Fe3+ to zero above 200 K. Polarization of R3+ by the ordered Fe3+
ions results in a non–zero Mb below 200 K, which peaks at around 10–3 μB/f.u. in
the spin reorientation region. Mb takes on its largest values at the lowest
temperatures, which is probably associated with increased polarization of the R3+
ions. Representation analysis of the space groups shows that non–zero Mb for an
RFeO3 system implies an admixture of Γ3 magnetic phase in the already well–
documented Γ2 or Γ4. In Γ3 phase, both Fe3+ and R3+ spins have a small
ferromagnetic component along the crystalline b–axis, which is in the opposite
direction to the Fe3+ and R3+ spins for the samples measured. The spin Hamiltonian
of at least YFeO3 has to include the fourth or even higher order of spins to describe
the Γ3 phase. These measurements may look at odds with numerous reports based
solely on neutron techniques, reporting Mb = 0, but neutron techniques lack the
sensitivity to measure the small non–zero Mb reported here.
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Chapter 5
Pr3+ and Dy3+ spin interactions and
their spin transitions induced by
magnetic field in Dy0.5Pr0.5FeO3
single crystal
In this chapter, Dy0.5Pr0.5FeO3 single crystal was studied in comparison with
DyFeO3 and PrFeO3 single crystals, to ascertain the effects of interactions between
rare earth spins in Dy0.5Pr0.5FeO3 on its magnetic properties. Dy3+ and Pr3+ spins do
not behave as separate entities in Dy0.5Pr0.5FeO3. The interaction between them was
found to be the strongest below their antiferromagnetic ordering temperature,
although this interaction still persists to substantially higher temperatures. While
the ordering temperature of Dy3+ spins is field-independent for DyFeO3, it becomes
strongly field-dependent for Dy0.5Pr0.5FeO3. An external field produces detectable
field-polarization of non-ordered rare earth spins below ~25 K for all three systems.
A high-field-induced spin transition of rare earth spins was observed for
Dy0.5Pr0.5FeO3 when a large field, H ≥ 3.5 T, was oriented along the crystalline aaxis, at temperatures below and above the ordering temperature of the rare-earth
spins, while the Fe3+ spin structure was not affected. This is different from the field123
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induced spin reorientation of the Dy3+ spin structure in DyFeO3, which occurs only
when the Dy3+ spins are ordered.
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5.1 Introduction
As shown in Chapter 2, two types of spin reorientation are commonly found in
RFeO3. Firstly, the continuous spin reorientation transition (SRT) from Γ4 to Γ2
occurs for almost all RFeO3 compounds, such as: NdFeO3, ErFeO3, SmFeO3,
TbFeO3, HoFeO3, YbFeO3, and TmFeO3 [74, 93, 115, 189, 197-203]. Secondly, an
abrupt SRT from Γ4 to Γ1 at a well-defined temperature was reported for DyFeO3
[42, 89, 128, 133, 204] and CeFeO3 [95, 96], for example. Some other RFeO3
compounds, such as GdFeO3 and PrFeO3 keep the Γ4 spin configuration from high
temperature to low temperature without showing any type of spin reorientation [27,
55, 59, 68, 205, 206]. The interactions between R3+ and Fe3+ are found to be the
main reason for the different types of spin reorientation. The effects of doping
different rare earth elements into RFeO3 single crystal allows us to study the
interactions between R3+ and Fe3+ ions [83]. RFeO3 doped with another rare earth
element in the R-site keeps the same basic magnetic behaviour as the non-doped
RFeO3 systems, such as the antiferromagnetic ordering of Fe3+ ions below the Néel
temperature, TN, and magnetic canting due to the Dzyaloshinskii-Moriya interaction
[83]. The interactions between different R3+ and Fe3+ spins produce a complicated
magnetic structure and transitions, however, especially at low temperature. The
magnetic properties and the crystal structure for RFeO3 are significantly dependent
on the degree of tilting of the FeO6 octahedra, as well as the Fe–O–Fe
superexchange bond angle. Doping R3+ ions into RFeO3 enhances the magnetic
properties of the sample [207]. Yuan et al. confirmed an increase in the
magnetization of YFeO3 after doping it with highly pure Gd3+ ions. The magnetic
enhancements were due to additional Gd-Gd interaction, Fe-Gd interaction, and
variation of the Fe-O-Fe superexchange bonds as a result of the crystal distortion
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[208]. Many previous reports on orthoferrites and transition metal oxides have
demonstrated that the physical properties and crystal structure are hardly changed
by doping diamagnetic or magnetic ions, for example, in La1-xGdxMnO3 [209] and
Eu0.2R0.8FeO3 [210]. A solid solution of two different orthoferrites having different
spin reorientation transitions, eg. Γ4 → Γ1 and Γ4 → Γ2, have attracted much
interest. A spin reorientation transition was studied in a doped rare earth single
crystal using Mössbauer spectroscopy [141]. The doped

Dy1-xHoxFeO3 (x = 0.25,

0.5, 0.75) displayed three different spin reorientation transitions. A discontinuous
SRT was observed from the a to the b axis in the net magnetic moment with cooling,
followed by a continuous SRT from the b to the c-axis and finally an abrupt SRT
from the c to the b-axis at low temperature due to R3+ ordering [141]. Chakraborty
et al. [140] also confirmed a twofold spin reorientation transition, Γ4 (Ga, Ab, Fc) to
Γ1 (Aa, Gb, Cc) to Γ2 (Fa, Cb, Gc), for Ho0.5Dy0.5FeO3.
A doped RFeO3 with non-magnetic R3+ can also display interesting features. The
field induced spin reorientation transition can be suppressed in the doped RFeO3.
The magnetic properties of Y1-xLuxFeO3 were studied using Mössbauer
spectroscopy[40]. Multiple valences of Fe3+ as well as multiferroic properties were
found in this doped polycrystalline sample[40] . Doping R3+ ions into RFeO3
systems that do not show any spin reorientation (for R = Pr, Gd, and Eu [74])
resulted in new systems that have a spin reorientation transition [208]. For example,
PrFeO3 has no spin reorientation reported previously [112, 135, 136] while in
DyFeO3, a Morin spin reorientation transition was confirmed at ~ 50 K [97, 128,
131, 133]. The weak ferromagnetic ordering of Fe3+ can be affected by doping Pr3+
ions into DyFeO3[211]. A decrease in the weak ferromagnetism coincides with
distortion of the lattice parameters, as was found for the Dy1-xPrxFeO3 sample as a
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result of increasing Pr3+ content [211]. In addition, Raman spectroscopy
measurements showed a shift in the vibration mode due to doping with Pr 3+ ions.
The spin reorientation temperature was reported to be affected by the interactions
of Dy-Fe and Pr-Fe in Dy1-xPrxFeO3 with respect to the Pr3+ content [211].
Single crystal Dy0.5Pr0.5FeO3 was also studied, using magnetic moment
measurements. A twofold spin reorientation of Fe3+ was also obtained for this
system, with an incomplete spin reorientation induced by an applied magnetic field
along the crystalline c-axis. An applied magnetic field was used to control the SRT
temperature. The competition between the effective field due to the internal
anisotropy and the external applied magnetic field was considered to be the main
reason for all magnetic features in this single crystal [142].
In this chapter, a study of the magnetic behaviour of Dy0.5Pr0.5FeO3 single crystal
at low temperatures, in comparison with DyFeO3 and PrFeO3, is presented. The
main new findings in this chapter are grouped into two parts, the interactions
between rare earth ions and the field-induced spin transitions of rare earth spins for
field along the crystalline a-axis. The first part deals with the polarization of rare
earth spins by a low external field, which results in non-equilibrium magnetic
moment larger than the net magnetic moment of the Fe3+ spins along specific crystal
axes. It also deals with the interactions between Pr3+ and Dy3+ spins in
Dy0.5Pr0.5FeO3, which has not been reported before. These findings provide
information for the study of the interactions between rare earths and transition
metals in complex magnetic systems.
The second part deals with the new spin transitions of the rare earth spins caused
by a high external magnetic field. The transition temperatures along the a-axis for
Dy0.5Pr0.5FeO3 and DyFeO3 display an opposite field dependence. The transition
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temperature increases with field for Dy0.5Pr0.5FeO3, while it decreases with field for
DyFeO3. Furthermore, the transition for Dy0.5Pr0.5FeO3 occurs above and below the
ordering temperatures of the rare earths, while it occurs only below the ordering
temperature of Dy3+ in DyFeO3.

5.2 Experimental Techniques
The single crystals for this study were grown using a four-mirror optical floatingzone furnace (FZ-T-10000-H-VI-P-SH, Crystal System Corp.). The powder
obtained by grinding the single crystal sample was analysed by X-ray
diffractometer (XRD, Bruker D2 PHASER) using Cu-Kα radiation[212]. The
crystals which are used in this study were cut from the same big crystal piece. Many
of crystal samples that were cut from the same big piece were tested and shown in
previously published articles [138, 142, 213]. The crystal quality measurements,
single crystal XRD, Laue diffraction patterns, as well as the Pbnm structure showed
high-quality crystals. Therefore, the crystals in this study should have the same
crystal quality as other single crystal pieces.
Figure 5.1 displays the XRD measurement for Dy0.5Pr0.5FeO3 single crystal sample
[212]. All observed peaks could be indexed by Pbnm structure. The XRD peaks for
Dy0.5Pr0.5FeO3 appear at slightly different 2θ than for PrFeO3 and DyFeO3. For
example, the peak (112) occurs at 32.80 degrees for Dy0.5Pr0.5FeO3. Corresponding
peak for DyFeO3 is obtained at 33.05 degrees, as obtained from XRD pattern
calculated on the basis of DyFeO3 structure reported in [63]. On the other hand
PrFeO3 gives for the same peak [63] 2θ = 32.43 degrees. Therefore, the position of
(112) peak for Dy0.5Pr0.5FeO3 is in between the 2θ angles of DyFeO3 and PrFeO3,
as would be expected from crystal with homogenous distribution of Dy3+ and Pr3+
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ions. No peaks were obtained for Dy0.5Pr0.5FeO3 at 2θ = 33.05 or 32.43, in fact
minima occur at these values of 2θ. This excludes the possibility of segregation of
DyFeO3 and PrFeO3 phases in the sample. Inhomogeneous distribution of rare
earths is very unlikely for these systems, as shown for SmDyFeO335, Er1-xYxFeO3
45

, and SmxPr1-xFeO346, whose properties change linearly with the doping level. It

would broaden the XRD peaks. Magnetic transitions would also become broad for
inhomogenous distribution of rare earths, as the rare earth content changes the
magnetic transition temperature. Sharp transition from 4 to 1 magnetic structure
observed for Dy0.5Pr0.5FeO3 (Figure 1a) also points to homogenous distribution of
Dy and Pr in our crystal.

Figure 5.1. Powder XRD measurement for Dy0.5Pr0.5FeO3 single crystal. This
figure was adapted from [211].
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The back-reflection Laue X-ray photography (Try-SE. Co, Ltd.) with a tungsten
target (with the X-ray beam of 0.5 mm in diameter) was used to determine all of
their crystallographic orientations. All the results showed that the obtained single
crystals were of high quality with the Pbnm crystal structure of the RFeO3 family
(Figure 5.2).
PrFeO3 [100]

DyFeO3 [100]

Dy0.5Pr0.5FeO3 [100]

PrFeO3 [010]

DyFeO3 [010]

Dy0.5Pr0.5FeO3 [010]

PrFeO3 [001]

DyFeO3 [001]

Dy0.5Pr0.5FeO3 [001]

Figure 5.2. X- ray Laue photographs for the a–, b–, and c– crystalline axes, taken at room
temperature for PrFeO3, DyFeO3 and Dy0.5Pr0.5FeO3.
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The weight of Dy0.5Pr0.5FeO3 single crystal cut from the crystal ingot was 0.0581 g.
Measurements of this crystal were supported by equivalent measurements of
DyFeO3 and PrFeO3 single crystals with a weight of 0.0988 g and 0.105 g,
respectively. The magnetic properties of the single crystals were measured using
Quantum Design Physical Properties Measurement System, PPMS-9T, with a
vibrating sample magnetometer (VSM) option. The frequency of the VSM vibration
was 40 Hz, and the amplitude was 2 mm. Measurements were averaged three times
for each experimental point. The measurement axis of the magnetometer always
coincided with the direction of the magnetic field. The temperature dependence of
the magnetic moment (M-T) was measured in the Field-Cooled-Cooling regime
(FCC) under an applied magnetic field along the c-axis, Mc, and along the a-axis,
Ma. The rate of temperature change was 1 K/min.
All the M-T curves were recorded after the sample was cooled down from room
temperature to the measurement temperature in zero magnetic field with a sweep
rate of 2 K/min.

5.3 Results and discussion
5.3.1 The interaction between rare earth ions
Temperature dependence of magnetic moment for single crystals of Dy0.5Pr0.5FeO3,
DyFeO3 and PrFeO3 is shown in Figure 5.3. A magnetic field of 200 Oe was aligned
along the a- and c-axes. Figure 5.3(a) shows interesting features of a Dy0.5Pr0.5FeO3
single crystal. Twofold SRT, as reported by Wu et al. [142], has been confirmed in
this measurement, as shown in Figure 2.22. The first SRT takes place abruptly at a
temperature TSR1 = 77 K when the magnetic phase changes from Γ4 (Ga, Ab, Fc) to
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Γ1 (Aa, Gb, Cc) (Table 4.1). In this transition, the antiferromagnetic vector G changes
direction from the a–axis to the b–axis. The net magnetic moment is described by
the basis vector F, which is along the c-axis in Γ4 phase. The configuration Γ1 (Aa,
Gb, Cc) does not have the basis vector F, and no net magnetic moment is observed
in the M–T curve below 76 K along the crystalline c–axis or a–axis. With further
cooling down, a second SRT takes place at the temperature TSR2 = 45 K, when the
antiferromagnetic vector G starts rotating from the b-axis to the c-axis in a spin
configuration change from Γ1 (Aa, Gb, Cc) to Γ2 (Fa, Cb, Gc) [142]. This spin
reorientation is gradual, through the admixture of the two spin configurations, i.e.
Γ12, and it is finalized at 25 K. Finally, below 25 K, the dominant spin configuration
is Γ2 (Fa, Cb, Gc). Figure 5.3(d) illustrates the four spin configurations, explaining
the spin reorientation of Dy0.5Pr0.5FeO3 single crystal with changing temperature.
To help explain the measurements on Dy0.5Pr0.5FeO3 (Figure 5.3(a)), the magnetic
measurements were also performed on DyFeO3 (Figure 5.3(b)) and PrFeO3 single
crystals (Figure 5.3(c)). For DyFeO3, the net Fe3+ moment is aligned along the caxis with the Γ4 (Ga, Ab, Fc) configuration at high temperatures. The spin
reorientation transition takes place at around 50 K when the irreducible
representation of its magnetic structure changes from Γ4 (Ga, Ab, Fc) to Γ1 (Aa, Gb,
Cc). This type of SRT is also called the Morin spin reorientation transition [126,
133, 134]. At low temperatures, around 25 K, the inset to Figure 5.3(b) shows that
the a-axis moment (Ma) starts increasing rapidly with cooling. This could be
ascribed to the polarization of the Dy3+ spins with the applied field, helped by the
absence of an effective field from the Fe3+ ions, as the Fe3+ ions are in the Γ1 (Aa,
Gb, Cc) configuration with no net magnetic moment. Further discussion on this is
given below.
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Γ4 (Ga, Ab, Fc)
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Γ1 (Aa, Gb, Cc)

Fa

Fa
a

Γ12 (Fa Aa,Cb Gb,Gc Cc)

Γ2 (Fa, Cb, Gc)

Figure 5.3. Temperature dependence of the magnetization, measured under the field-cooled
cooling regime, of all single crystal samples measured. Magnetic field of 200 Oe was aligned
along the a, and c crystalline axes. (a) Dy0.5Pr0.5FeO3, (b) DyFeO3, (c) PrFeO3, (d) diagram
of the SRT process in Dy0.5Pr0.5FeO3 and the spin configuration of Fe ions.

The Ma of DyFeO3 reaches its maximum value around 0.075 μB/ f.u. at 4.2 K. With
further cooling, however, Ma decreases significantly, and this was ascribed to the
antiferromagnetic ordering of the Dy3+ moment into the Γ5 (ga, ab) configuration
[133, 134]. Figure 5.3(c) shows the M-T behaviour of PrFeO3. The magnetic
moment is along the c-axis (Mc) from room temperature down to the lowest
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measured temperatures, as described by the irreducible representation Γ4 (Ga, Ab,
Fc). The Pr3+ ions are polarized by the net ferromagnetic-like moment of the Fe3+
ions as they cool down, so as to be parallel to the Fe3+ net moment. Consequently,
the magnetic moment of PrFeO3 along the c-axis, Mc, steadily increases with
cooling, while there is no significant change in Ma. At around 10 K (inset to Figure
5.3(c)), Ma starts to increase significantly.
This increase in Ma is due to the polarization of Pr3+ by an external field oriented
along the crystalline a-axis, the same as for DyFeO3, as discussed above. Such an
increase in Ma with cooling also occurs for DyFeO3 (Inset to Figure 5.3(b), but there
it starts at temperatures about two times as high as for PrFeO3. Dy0.5Pr0.5FeO3 is
more complicated because the Fe3+ spins are ordered in the Γ2 (Fa, Cb, Gc) phase,
so it is not possible to distinguish the magnetic contribution of R3+ ions to Ma.
Zooming into the Ma-T curve in Γ1 phase for Dy0.5Pr0.5FeO3, as shown in the inset
to Figure 5.3(a), reveals a similar increase in Ma with cooling as for DyFeO3 and
PrFeO3, just of much smaller magnitude. This indicates that the same polarization
of R3+ spins by external field also occurs for Dy0.5Pr0.5FeO3.
The interpretation given above for the increase in Ma with cooling at low
temperatures for DyFeO3 and PrFeO3 was proposed to take place through the
polarization of R3+ spins by the external magnetic field. This will be now supported
by the symmetry considerations for these crystalline systems. The measurements
clearly give non-zero net Ma for DyFeO3 and PrFeO3 at low temperatures. This
cannot be an artefact of sample misorientation in the sample holder, as this would
have to be accompanied by a corresponding increase in Mc with cooling, which was
not observed (Figure 5.3). Therefore the small sample misalignments in the
experiments cannot produce the observed increase in Ma with a cooling of the
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observed magnitude. The representation analysis of the space groups [69, 79]
(Table 4.1 in Chapter 4 or 2.2 in Chapter 2) allows for non-zero spontaneous Ma
(i.e. Fa, or fa in Table 4.1 in Chapter 4 or 2.2 in Chapter 2) only for the irreducible
representation Γ2, for both the Fe3+ and the R3+ family of spins. Neither PrFeO3 nor
DyFeO3 are in the Γ2 configuration (Figure 5.3 b and c), however. Measurements
of Ma and Mc for DyFeO3 (Figure 5.3(b)) could, in principle, allow an explanation
of the observed increase of Ma with cooling through the transition from Γ1 to Γ2
phase for Fe3+ spins, although such a transition was never reported.
Additionally, Mb also increases with cooling for all three systems, similar to Ma
(Figure 5.4), which cannot be explained by Γ2. Transition to Γ3 phase was never
indicated for these samples. Measurements along the b-axis for Dy0.5Pr0.5FeO3
(DPFO), along which there is no ferromagnetic contribution of Fe3+ spins, also give
an increase in Mb with cooling, similar to PrFeO3 and DyFeO3, Figure 5.4.
Consequently, the observed increase in Ma and Mb with cooling for both PrFeO3
and DyFeO3 does not agree with predictions of the representation analysis of space
groups. As this analysis gives us spontaneous magnetic structures allowed under
the symmetry group, the observed increase of Ma is not a spontaneous feature
associated with the symmetry, i.e. ordering, for these two systems: it occurs through
polarization by an external magnetic field. Because Fe3+ spins are magnetically
ordered at a temperature in excess of 600 K, the application of a small magnetic
field is unlikely to cause their reorientation with a magnitude that is large enough
to account for the observed Ma.
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Figure 5.4. M-T measurements on the three samples with applied field of 1000
Oe along b-axis.

On the other hand, the R3+ spins are in the paramagnetic state and are weakly
polarized by the internal effective field of the ordered Fe3+ spins. A small external
field along the a-axis can disrupt this weak internal spontaneous polarization,
resulting in the observed non-zero Ma. The same argument is valid for Mb. Mb of
Dy0.5Pr0.5FeO3 behaves in the same way as for the other two systems and should be
explained through the same field-induced polarization of R3+ spins, while its Ma
behaviour is more complex due to the additional contribution of the ferromagnetic
component of the Fe3+ spins.
To see the effect of small applied magnetic fields on interactions between R3+ spins,
low-temperature M-T measurements were performed in the field-cooled-cooling
process,(FCC) on single crystal samples of Dy0.5Pr0.5FeO3, PrFeO3, and DyFeO3
with constant applied fields in the range of 200 Oe - 30 Oe, with a temperature
sweep rate of 0.5 K/min. Only Ma is being considered, as it shows the strongest
temperature dependence at these temperatures. Figure 5.5(a) shows the Ma-T curves
for single crystal DyFeO3 at different applied fields. The magnetic moment
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increases with cooling at all applied fields and temperatures down to 4.2 K. As a
result of the absence of the net ferromagnetic component of Fe3+ ions, the
magnetization curves have quite different magnitudes at different fields. As
discussed above, this change in the magnetic moment occurs because of the
polarization of Dy3+ spins by an external field.

Figure 5.5. M(T) curves along a-axis with different H: (a) DyFeO3, (b) PrFeO3, (c)
Dy0.5Pr0.5FeO3. (d) Changes in the cusp temperatures shown in Fig. 5.4 (a) and (c) with the
applied magnetic field.
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The peak value of the magnetic moment at 4.2 K is 0.07 μB/f.u. with a 200 Oe field.
With a 30 Oe field, the peak value of the magnetic moment reaches only 0.01 μB/
f.u. Below 4.2 K, the magnetic moment begins to decrease with cooling, which is
explained by the antiferromagnetic ordering of Dy3+ into Γ5 (ga, ab) configuration
[133, 134]. However, Fe3+ cannot be ordered in Γ5 configuration (Table 4.1), and
there is no change in Mc-T at these temperatures (Figure 5.3). This implies that the
Fe3+ system does not undergo a change of spin configuration at these temperatures.
Therefore, Γ5 of Dy3+ is admixed to the Γ1 phase of Fe3+ below 4.2 K. No changes
have been noticed in the ordering temperature for Dy3+ spins with different fields
as illustrated in Figure 5.5(d). Figure 5.5(b) shows the Ma-T measurements for
PrFeO3. A steady increase of magnetic moment with cooling is obtained, similar to
DyFeO3 for T > 4.2 K, except that there is a weaker field dependence of Ma than
for DyFeO3 at high temperatures. This can be explained by the polarization of Pr3+
by internal field due to the non-zero net magnetic moment of Fe3+ spins, which
impede the polarization by an external field. Fe3+ ions in DyFeO3 do not produce
such an internal field, being in fully antiferromagnetic Γ1 (Aa, Gb, Cc) phase at these
temperatures. Pr3+ spins do not order down to the measured 2 K. Figure 5.5 (c)
shows the Ma-T measurements for single crystal Dy0.5Pr0.5FeO3. Pr3+ and Dy3+ are
polarized by the effective field of Fe3+ spins, which are ordered as Γ2 (Fa, Cb, Gc),
and by the applied magnetic field along the a-axis. Cusps appear in Ma-T below 6
K, however, at a characteristic temperature that depends on the field. These cusps
are not visible at H > 200 Oe (Figure 5.3(a)). The temperature of the cusp decreases
with the field for Dy0.5Pr0.5FeO3, while it is constant for DyFeO3 (Figure 5.5(d)).
PrFeO3 does not show any cusps. Apparently, the presence of Pr3+ ions, in addition
to Dy3+, is responsible for the temperature dependence of the cusp.
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These cusps indicate the onset of antiferromagnetic ordering, presumably of Dy3+
spins, but possibly also of Pr3+ spins. The broadness of the transition and its strong
field dependence indicate that the random distribution of Pr3+ spins may have
disturbed the long-range order of Dy3+ spins, possibly resulting in a short-range
ordered magnetic structure or rare earth spins in Dy0.5Pr0.5FeO3.
To ascertain if Dy3+ and Pr3+ spins in Dy0.5Pr0.5FeO3 behave as two separate systems
unperturbed by each other, the temperature dependence of Ma for Dy0.5Pr0.5FeO3
has been fitted with a linear combination of the Ma curves for DyFeO3 and PrFeO3.
Because Mc for PrFeO3 is much larger than Ma for the samples in this temperature
range, the Mc for PrFeO3 has been included in that fit, to account for possible sample
misalignment in the magnetometer:
𝑀𝑎,𝐷𝑃𝐹𝑂 = 𝑋𝑀𝑎,𝑃𝐹𝑂 + 𝑌𝑀𝑎,𝐷𝐹𝑂 + 𝑍𝑀𝑐,𝑃𝐹𝑂

(5.1)

If the arbitrary fitting parameters 𝑋, 𝑌, and 𝑍 can be obtained so that the temperature
dependence of Ma for Dy0.5Pr0.5FeO3 agrees with the fit, there is a possibility that
Dy3+ and Pr3+ in Dy0.5Pr0.5FeO3 sample behave as separate entities, just like in the
respective DyFeO3 and PrFeO3 systems. If no such agreement can be obtained,
however there must be an interaction between these ions that leads to a different
temperature dependence of Ma for Dy0.5Pr0.5FeO3. The results of fit that gives the
best agreement with Dy0.5Pr0.5FeO3 measurements are shown in Figure 5.6(a),
with 𝑋 = 1.286, 𝑌 = 1.146, and 𝑍 = 1 × 10−4 for the field of 200 Oe. A good
agreement between the fit and Ma for Dy0.5Pr0.5FeO3 could not be obtained, except
for a narrow temperature range for which the fitting parameters were optimized.
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Figure 5.6. Comparison between Ma-T curves for Dy0.5Pr0.5FeO3 and the fit obtained from
Eq. (5.1), for field of 200 Oe (b) Difference between the fit (Eq. (5.1)) and the measured MaT for Dy0.5Pr0.5FeO3.

The agreement was particularly poor below the cusp, where Dy3+ spins are ordered,
presumably in Γ5 (ga, ab) configuration. Figure 5.6(b) shows the difference between
the fit (Eq. (5.1)) and the measured Ma for Dy0.5Pr0.5FeO3, with a field of 200 Oe,
showing more clearly the difference from the fit. As 𝑍 << 𝑋, 𝑌, sample
misalignment plays an insignificant role in these measurements. Therefore, Dy3+
and Pr3+ spins seem to interact at all temperatures in Figure 5.5, changing the net
value of Ma. This interaction is particularly strong at temperatures where the Dy3+
and possibly Pr3+ ions have full antiferromagnetic ordering. This interaction persists
to higher temperatures, however, at which there is no evidence of long-range
magnetic ordering between the rare earths. Therefore the interaction between Dy3+
and Pr3+ spins must reflect short-range order there. It is not clear from these
measurements if Pr3+ spins are magnetically ordered in Dy0.5Pr0.5FeO3 below ~6 K.
If not, they still have a significant effect on the ordered Dy3+ spins, resulting in
strong field-dependence of their ordering temperature and likely disturbing the
otherwise long-range ordered Dy3+ spins into a short-range ordered system.
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5.3.2 Field-induced spin transition
The previous section described experiments at low fields, enabling better insight
into spontaneous interaction between rare earth ions, without any significant
disturbance by a magnetic field. This section describes the magnetic behaviour of
the samples at high fields, focusing on the field-induced changes in the magnetic
structure. Because various magnetic structures are possible for this system, it is
important to study the magnetic moment along all three crystalline axes. This can
provide a better insight into the behaviour of both Fe3+ and R3+ systems, each of
which could have a ferromagnetic component along either of the crystalline axes or
be fully antiferromagnetic (Table 4.1). Wu et al. [142] reported on the field-induced
spin reorientation of Fe3+ spins for single crystal Dy0.5Pr0.5FeO3, by considering the
temperature- and field-dependence of Mc. This field-induced spin reorientation
shows that the spins in this system can take up different configurations in low and
high magnetic fields, the understanding of which requires further measurements
from low to high fields. Therefore, the M-T and M-H curves were measured with
high fields applied along the three crystalline a, b, and c-axes in the temperature
range of 200-2 K. This made it possible to interpret the magnetic phases in
Dy0.5Pr0.5FeO3 with the help of representation analysis of space groups, as
summarized in Table 4.1, and obtained a field-induced spin reorientation of
different nature than that observed by Wu et al. [142]. Their report will be verified
first, however, to confirm that it occurs in a sample measured in this project as well.
Figure 5.7(a) shows the results of M-T measurements along c-axis by applying
different magnetic fields from 0.5 T to 5 T in the temperature range of 200-2 K. As
described by Wu et al. [142], the M-T measurements with an applied magnetic field
0.1 T < H < 4 T, show two incomplete spin reorientation transitions.
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With an applied field of 0.5 T, the first transition, Γ4 → Γ41, takes place at around
58 K during cooling and the second transition, Γ41 → Γ42, at about 25 K. With 1 T
applied, the first transition, Γ4 → Γ41, takes place at around 46 K and the second
transition, Γ41 →Γ42, at approximately 27 K.

Figure 5.7. The M-H and M-T measurement on single crystal Dy0.5Pr0.5FeO3: (a) M-T curves along
the c-axis with applied high field; (b) M-H curves along the c-axis; (c) Zoom-in of M-H curves
along the c-axis in the temperature range of 75-20 K; (d) M-T curves along the b-axis with high
magnetic fields.

142

Chapter 5. Rare earth interactions and changes in magnetic configurations

On applying high magnetic fields (2-5 T), the Γ4 → Γ42 transition is obtained
directly. The Γ4 → Γ41 transition is absent, as described earlier in [142].
Figure 5.7(b) presents the M-H curves along the c-axis in the temperature range of
300-2K. Below the Morin temperature of 77 K, as shown in Figure 5.7(c), a fieldinduced spin reorientation of Γ1 → Γ4 has been reported on the basis of such
measurements at low applied fields [142]. This spin reorientation disappears with
an applied field of H ≥ 2 T, which is consistent with the existence of only Γ42 phase,
as shown in Figure 5.7(a). Therefore, applying high field (2-5 T) along the c-axis
shows that Γ42 phase cannot be converted to Γ4 even at low temperature, as
illustrated in Figure 5.7(b). Figure 5.7(d) shows the M-T curves for Dy0.5Pr0.5FeO3
single crystal along the b-axis for different applied fields. No spin reorientation was
observed along this axis, even with high applied fields. This is because the b-axis
is the hard axis in terms of aligning the magnetic moment.

Figure 5.8. (a) Isothermal measurements of Dy0.5Pr0.5FeO3 along the b-axis in the
temperature range 200-2 K. (b) M-T measurements for Dy0.5Pr0.5FeO3 along a-axis in
fields between 0.02 T - 3 T.
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The hysteresis loops along the b-axis (Figure 5.8(a)) confirm the absence of any
abrupt spin reorientation along that axis. This confirms the findings of Wu et al. on
fields along the crystalline c-axis, and these transitions were assigned by them to
the Fe3+ spins only [142]. When high fields are oriented along the crystalline a-axis,
a different field-induced spin transition than the one reported in [142] occurs. M-T
measurements along the a-axis with large applied magnetic fields from 3 T to 5 T
are presented in Figure 5.9(a). Rather different M-T behaviour was obtained than
for the small fields along a-axis (Figure 5.8(b)), and there was a fast change of Ma
with cooling within about 2 K. In order to better define this transition temperature
to higher values of Ma with cooling, d𝑀/d𝑇 vs. T along the a-axis has been plotted
(Figure 5.9(b)). The regions of fast change of magnetic moment with temperature
d𝑀

are seen as negative peaks. The temperature of the maximum | d𝑇 | is defined as the
transition temperature. The transition temperature increases with the applied
magnetic field, reaching 3.83 K, 9.31 K, and 13.88 K at fields of 3.5, 4, and 5 T,
respectively. Extrapolation of this trend to lower fields shows that the transition is
absent for fields of about 3.3 T and lower. This change in the magnetic moment at
high fields could be defined as a field-induced spin transition, as opposed to the
temperature-induced spin transition observed for H < 0.5 T (Figure 5.8(b)). To
further confirm the existence of this field-induced spin transition, M-H
measurements were conducted along the a-axis in the temperature range of 14-2
K). The isothermal measurements in Figure 5.9(c) show weak ferromagnetic
behaviour below 3.2 T as a result of Fe3+ ordering in Γ2 (Fa, Cb, Gc). The inset to
Figure 5.9(c) shows the M(H) curves for Dy0.5Pr0.5FeO3 with same weak
ferromagnetic behaviour, which is limited to fields below 2000 Oe. At a critical
magnetic field around 3.2 T, when measured at 2 K, the hysteresis loops show a
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spin reorientation by a sudden increase in the magnetic moment from about 1.95
μB/f.u. to approximately 2.7 μB/f.u., as shown in Figure 5.9(d).

Figure 5.9. The magnetic measurements on Dy0.5Pr0.5FeO3 single crystal: (a) M-T curves along aaxis at high magnetic fields. (b) dM/dT vs. T of Dy0.5Pr0.5FeO3 along the a-axis. (c) Isothermal
measurements along the a-axis in the temperature range 14-2 K. (d) Zoom-in of the jumps in
magnetic moment for Dy0.5Pr0.5FeO3.
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The isothermal measurements at higher temperatures show that this transition
occurs at higher fields, which is consistent with the outcome of M-T measurements
along the a-axis in Figure 5.9(a). This transition is observed up to the temperature
of about 14 K (Figure 5.9(d)). To try pinpoint the mechanisms of this field-induced
spin transition in Dy0.5Pr0.5FeO3, isothermal M-H measurements were performed on
single crystals of DyFeO3 and PrFeO3 and compared with the Dy0.5Pr0.5FeO3
measurements. Figure 5.10(a) shows the isothermal magnetization curves for
DyFeO3 measured along the crystalline a-axis in the temperature range of 2-14 K.
The Dy3+ ions order into the fully antiferromagnetic Γ5 (ga, ab) configuration below
4 K [69, 134] resulting in an M-H loop that represents tilting of mostly Dy3+ spins
by the field for H < 5 kOe. At these temperatures, the Fe3+ spins are in the fully
antiferromagnetic Γ1 (Aa, Gb, Cc) phase with no net magnetic moment. Because the
Néel temperature of Fe3+ spins is 645 K, orders of magnitude larger than for Dy3+
spins, the Dy3+ spins are likely to be making the dominant contribution to the
measured magnetic moment when tilted by the external field. With increasing
applied field, a sudden field-induced jump in the magnetic moment can be observed
in the hysteresis loop at 2 K, at around 6 kOe. A similar jump was also observed at
3 K, but at a lower field of 4 kOe, as shown in the inset to Figure 5.10(a). No such
jump was observed above the ordering temperature of Dy3+. Therefore, magnetic
ordering of Dy3+ is a pre-requisite for the field-induced jump in Ma in DyFeO3 at
temperatures below Morin transition. This finding is in agreement with the assertion
that Dy3+ spins make the predominant contribution to the magnetic moment at these
temperatures.
Symmetry considerations (Table 4.1) allow for the change in the Dy3+ magnetic
structure from Γ5 (ga, ab) to Γ2 (fa, cb), with Γ2 being the only allowed configuration
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for the Pbnm symmetry group with non-zero Ma, for both Fe3+ and R3+ spins. This
is consistent with the observed field-induced jump in the magnetic moment, where
the fully antiferromagnetic structure of Dy3+ at low fields is converted into a tilted
antiferromagnetic structure that has a weak ferromagnetic Ma above 6 kOe. Zvezdin
and Mukhin [69] have given a theoretical description of such transitions of rare
earth spins.

Figure 5.10. Hysteresis curves with field for DyFeO3 and PrFeO3 single crystals. (a) M-H
loops for DyFeO3 along the a-axis; (b) M-H loops for the DyFeO3 sample along the b-axis at
low temperature; (c) M-H loops for PrFeO3 along the a-axis; (d) M-H loops for PrFeO3 along
the c-axis in fields from -5 T to +5 T in the temperature range from 300-5 K The inset to (a)
is a magnification of the M-H loops for DyFeO3 along the a-axis at low temperature. The
inset to (d) is a magnification of the M-H loops along the c-axis.
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Dy3+ spins are ordered at these temperatures, of a larger magnitude than Fe3+ spins,
and have a ferromagnetic component along the a-axis. Therefore, Dy3+ will likely
make the dominant contribution to the measured jump in the magnetic moment, in
agreement with theory [69].
The field-induced transition that was found in DyFeO3 single crystal at high fields
(Figure 5.10)a)( is different from that of Dy0.5Pr0.5FeO3 single crystal (Figure 5.9).
Even though both of the transitions are spin transitions induced by an applied
magnetic field, the transition for DyFeO3 is driven by ordered Dy3+ spins.
Furthermore, the field for the transition decreases with temperature, along both the
a- and b-axes, as shown in Figure 5.10(a) and (b), respectively. For Dy0.5Pr0.5FeO3,
the transition occurs above and below the ordering temperatures of Dy3+ (Figure
5.9), and the field of the transition increases with temperature. Figure 5.10(c)
displays the isothermal curves of PrFeO3 in the temperature range of 2-14 K along
the a-axis. No field-induced jump in the magnetic moment could be observed, even
with applying high magnetic fields. The Fe3+ ions are in the spin configuration Γ4
(Ga, Ab, Fc) for a wide range of temperatures, while the Pr3+ ions were not ordered
in the temperature and field ranges that were measured. The isothermal
measurements along the c-axis, shown in Figure 5.10(d), display ferromagnetic
loops in the temperature range of 5-300 K with no evidence of any field-induced
transition. The difference between Dy0.5Pr0.5FeO3, DyFeO3, and PrFeO3 stems from
the content of R3+ ions, suggesting that the R3+ ions are responsible for the fieldinduced jumps in magnetic moment in high fields. The field-induced jumps in the
magnetic moment at high fields for both Dy0.5Pr0.5FeO3 and DyFeO3 could be
attributed to R3+ spins only, while the Fe3+ magnetic configuration remains
unchanged. The theoretical treatment for such a transition is given in [69] for the
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cases of DyCrO3 and TbFeO3. The absence of any Fe3+ spin contribution to the
field-induced jump in Ma can be ascertained by looking at the evolution of Fe3+
magnetic phase with field and temperature for Dy0.5Pr0.5FeO3. The plot of dM/dT
against T (Figure 5.11) helps us identify the temperatures of the Fe3+ spin transitions
in Dy0.5Pr0.5FeO3 at different fields.
At low fields, there is a transition from Γ1 to Γ12 phase at about 42 K upon cooling,
represented by a dip in Figure 5.11. At about 25 K, the Γ12 phase is converted to Γ2
phase with cooling, giving a step in Figure 5.11. As the field increases, the transition
from Γ1 to Γ12 phase disappears, and the step in Figure 5.11 represents the transition
from Γ1 directly to Γ2. The transition temperature to Γ2 upon cooling increases
slightly with the field. It is 24.2 and 27.6 K for fields of 200 Oe and 10 kOe,
respectively. Therefore, Fe3+ spins are in Γ2 phase below 25 K, regardless of the
magnetic field, because the transition temperature to Γ2 increases with the field.

Figure 5.11. The derivative of magnetic moment versus temperature, dM/dT vs. T for
Dy0.5Pr0.5FeO3 along the a-axis.
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As Γ2 phase is the only phase containing a ferromagnetic component along the aaxis, it cannot contribute to the field-induced jump in Ma through a change to
another magnetic phase. The only way that the Fe3+ spins could do that would be
through a stepwise change of the canting angle between Fe3+ spins, Φ, at a critical
field. Φ was shown not to change through spontaneous spin reorientation [32, 84,
110], whereas the net |𝑀| changes substantially due to R3+ spins. Furthermore, Φ
depends only on the exchange and Dzyaloshinsky fields [105], neither of which is
likely to undergo a stepwise change at a critical field. Therefore, the magnetic fieldinduced jump in Ma is contributed by R3+ spins, either by Dy3+, Pr3+, or both.
While Dy3+ spins in DyFeO3 are in Γ5 (ga, ab) phase and Pr3+ spins in PrFeO3 are
not ordered, the R3+ spins in Dy0.5Pr0.5FeO3 may, in principle, take up any of the
fully antiferromagnetic configurations for rare earth spins at low temperatures
(Table 4.1). These measurements cannot single out any particular configuration of
Dy3+ and Pr3+ in Dy0.5Pr0.5FeO3 at low temperatures. The initial magnetic structure
of R3+ could be responsible, however, for the observed difference between the fieldinduced Ma jumps for DyFeO3 and Dy0.5Pr0.5FeO3. No evidence can be observed
indicating long-range magnetic ordering of R3+ in Dy0.5Pr0.5FeO3 above 4 K,
although the interaction between the Dy3+ and Pr3+ spins in Dy0.5Pr0.5FeO3 affects
the magnetic moment at temperatures above the ordering temperature of Dy3+
(Figure 5.6(b)). This is likely to be due to direct interaction between the Dy3+ and
Pr3+ spins, or to indirect interaction through ordered Fe3+ spins. Despite not
observing any long-range magnetic order, interactions between rare earth spins
could induce a short range alignment between neighbouring R3+ and Fe3+ spins.
Even when thermal excitations disrupt the long-range order, there are still
underlying short-range interactions between the spins not far above the ordering
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temperature that reflect the symmetry of the long-range order of Fe3+ spins. These
interactions are responsible for the observed high-field-induced magnetic
transitions shown in Figure 5.9, where the magnetic field contributes the additional
energy needed to change the magnetic structure. Such short-range alignment is
consistent with the reported anisotropy of the paramagnetic susceptibility for R3+
ions in the molecular field of ordered Fe3+ ions [110], and it drives the spontaneous
spin re-orientation.
The observed broad antiferromagnetic transition and its strong field dependence
(Figure 5.5(c)) also imply a short-range order, which probably occurs through the
disruption of Dy3+ ordering by Pr3+ spins, with a distribution in the crystal lattice
that is likely to be random. While a direct proof for the existence of this short-range
order was not presented, its presence would explain both the unusual field
dependence of the antiferromagnetic transition temperature (Figure 5.5(c)) and the
extension of the field-induced magnetic transition to temperatures up to 14 K
(Figure 5.9).

5.4 Conclusion
Magnetic properties of Dy0.5Pr0.5FeO3 single crystals were measured in conjunction
with DyFeO3 and PrFeO3, in order to study the interactions of the rare earth spins
in Dy0.5Pr0.5FeO3 and their effects on its magnetic structure. The interaction
between Dy3+ and Pr3+ spins has the most significant effect on the magnetic moment
of Dy0.5Pr0.5FeO3 at temperatures below the ordering temperature of Dy3+ spins. It
is not clear from the measurements if Pr3+ spins are also ordered at these
temperatures. The interaction between Pr3+ and Dy3+ affects the magnetic moment
at higher temperatures above the ordering temperature of Dy3+ too, just to a much
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lower extent. Magnetic moment along the crystalline a- and b-axes was shown to
increase strongly with cooling in small magnetic fields at temperatures below ~10
K, as shown in Figure 5.3 and Figure 5.4. This was shown to be a process that is not
in agreement with the symmetry considerations for these systems; therefore, it
cannot be a spontaneous property of these crystals. It occurs through polarization
of rare earth spins by an external magnetic field.
A magnetic field-induced transition between magnetic phases was observed for
Dy0.5Pr0.5FeO3 when the magnetic field is oriented along the crystalline a-axis. The
transition occurs at high fields, in the range of 3.3-5 T at temperatures of 2-14 K.
The field of the transition increases with temperature. This transition is not
associated with a long-range ordering of rare earth spins, but short-range
interactions of Dy3+ and Pr3+ spins are important. Such interactions also explain the
difference in the low-field magnetic moment of Dy0.5Pr0.5FeO3 as compared to
DyFeO3 and PrFeO3. The high field-induced transition for Dy0.5Pr0.5FeO3 is
different from that for DyFeO3, with field along the a-axis. The latter corresponds
to a Γ5 to Γ2 change in the Dy3+ spins, and it occurs only below the ordering
temperature of Dy3+ spins. PrFeO3 does not display such a transition. For
Dy0.5Pr0.5FeO3, the transition of the rare earth spins is not necessarily from their Γ5
phase, but from either Γ1, Γ5, Γ6, Γ7, or Γ8 phases. Furthermore, short-range
interactions between Dy3+ and Pr3+ spins play an important role in this transition,
allowing the field-induced transition to occur above the long-range ordering
temperature of the rare earth spins. Fe3+ spins do not contribute to the high-field
transition of Dy0.5Pr0.5FeO3.
To obtain definite proof of the spin transitions described here, a neutron diffraction
study should be performed in the future. This would not be a straightforward
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measurement because Dy3+ is strongly neutron absorbent, so it is not clear if this is
achievable with high enough resolution. Furthermore, polarization of R3+ spins does
not result in long-range magnetic ordering. Because of that, proving the polarization
of R3+ for these samples with neutron techniques would be an even more formidable
task.

153

Chapter 6. Interaction between R3+-Fe3+ for ErFeO3 and NdFeO3 samples

Chapter 6

Interaction between R3+-Fe3+ in
different temperature range for
NdFeO3 and ErFeO3 samples
This chapter shows very accurate magnetic measurements on rare earth orthoferrite
single crystals of ErFeO3 and NdFeO3 along the a-axis. In these crystals, the net
magnetic moments of the rare earth and the iron ions are oriented in opposite
directions. This makes the total magnetic moment of the crystals become oriented
in the opposite direction to the external field at low temperatures, because of the
magnetic moment of the rare earths becoming larger than that of the iron during
cooling. Eventually, the spin-flip phenomenon occurs, in which the total magnetic
moment of the crystal re-orients itself into the direction of the external field. This
chapter studies the behaviour of the magnetic moments of Er3+ and Nd3+ through
the spin-flip process, which could be affected by the reversal of magnetic moment
against the magnetic anisotropy of the crystal. Additionally, the temperature
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dependence of magnetic moment for Er3+ and Nd3+ in these crystals is obtained in
a broader temperature range below the spin reorientation region. This is compared
with the predictions of a new model describing the interactions between Fe3+ and
R3+ spins in RFeO3 [214].
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6.1

Introduction:

Since the 1950s when Forestier and Guit-Guillaind first discovered the class of rare
earth orthoferrite materials, RMO3 (where R and M represents a trivalent rare-earth
ion and a transition metal (Fe, Co, Ni), respectively), these materials have attracted
the attention of many researchers due to their interesting magnetic and optical
features. The magnetic properties of RFeO3 are affected by the interactions between
the two sublattices of R3+ and Fe3+ [47, 49, 60, 68, 73, 74, 198]. The magnetic
properties and phase transitions of the rare earth orthoferrites RFeO3, such as spin
reorientation (SRT), canted antiferromagnetism (AFM), net ferromagnetism (FM),
and ordering of the R3+ moment at low temperature, have been studied
extensively[28, 58, 84, 108, 145, 186, 198, 199, 215-217]. The magnetic moments
of single crystal samples of ErFeO3 and NdFeO3 have been studied in detail before
[46, 56, 93, 99, 110, 111, 116, 189, 218, 219]. Although Nd3+ and Er3+ ions order at
low Néel temperatures (𝑇NNd =1.25 K, 𝑇NEr = 4.4 K) [45, 93, 109, 111, 218, 220],
they still play a key role in the magnetic properties of these systems at high
temperatures. This is because the net magnetic moment of Fe+3 ions can induce the
magnetic moment of R3+ ions at temperature T > 𝑇N𝑅 [58, 186]. The moment induced
on R3+ by the Fe net moment not only represents partial polarization, but also results
in strong coupling between their moments. Therefore, the interaction between R3+
and Fe3+ ions at different temperatures could dominate the phase transition process
[111]. The magnetization of R3+ ions should be taken into account when the
temperature dependence of the rotation angle θe (T) and the absolute value of the
magnetization |M| are calculated for RFeO3 [84]. The difference in the magnetic
moment along the a-axis, Ma, at temperatures below the SRT, and the magnetic
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moment along the c-axis, Mc, above the SRT temperature, is generally due to the
anisotropy of the paramagnetic susceptibility of Er3+ to the molecular field [84,
110]. Reports show that there is an abrupt jump in the overall magnetic moment
with changing temperature, which is in addition to the more frequently studied spin
reorientation process at higher temperatures. This jump occurs for RFeO3 systems
in which the rare earth magnetic moment is oriented opposite to the iron magnetic
moment. Further work on this phenomenon has been suggested to understand the
principles and reasons behind that jump [46, 60, 68, 74, 93].
In this chapter, the magnetic moment of the rare earth ions, MR, has been studied
in different temperature ranges. A strong coupling between Fe3+ and R3+ is
confirmed, which results in a whole system of Fe3+ and R3+ spins rotating together
in the spin-flip process. The behaviour of the rare earth moments MR was also
studied using M(T) measurements at temperatures below the SRT for both samples,
ErFeO3 and NdFeO3, with different applied fields and 0.1 K/min as the sweep rate.
In addition, this chapter tests a new model [214] that describes the interaction
between Fe3+ and R3+, the resulting magnetic moments, and the spin-flip process.

6.2 Experimental technique
The measurements were performed on two single crystals consisting of ErFeO3 and
NdFeO3 with mass of 0.264 g and 0.3733 g, respectively. The temperature range of
measurements was 300-5 K with different applied magnetic fields. The floating
zone method, which is described in Chapter 3, was used to grow the crystals. The
samples have an orthorhombically distorted perovskite structure with Pbnm
symmetry and high single crystallinity. All of these properties were confirmed from
the back-reflection of Laue X-ray diffraction (XRD) pattern measurements (Figure
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4.1 in Chapter 4). The magnetic measurements were implemented using the
vibrating sample magnetometer (VSM) option of a Physical Properties
Measurement System (PPMS–9, Quantum Design), which is described in Chapter
3. The frequency of VSM vibration was 40 Hz, and the amplitude was 2 mm. The
measurements of the temperature dependence of magnetic moment, M(T), were
conducted with the field–cooled–cooling procedure (FCC) at different sweep rates
of temperature. The averaging time for measurement of one data point was 1 s.

6.3

Results and discussion
Figure 6.1 shows the hysteresis loops for ErFeO3 and the NdFeO3 samples,

measured along the a- and c-axes. The measurements were performed in different
ranges of temperatures through the spin reorientation temperature range, SRT. The
data indicates that the magnetic behaviour of the two samples is similar. The
following conclusions can be drawn: (a) Above the SRT for ErFeO3 and NdFeO3,
the magnetic moment along the a-axis, Ma, displays reversible straight lines going
through the origin with equivalent temperature-independent slopes, while it has a
rectangular shape when hysteresis loops are measured along the c-axis for both
samples; (b) Below the SRT, the shape of the hysteresis loops is rectangular along
the a-axis, but in the form of straight lines along the c-axis; (c) in the SRT region,
the magnetization curves are S-shaped. These measurements of hysteresis loops are
consistent with the conclusions of previous reports and can be described with
theoretical models [93, 99, 110, 111, 117]. The domain wall jumps are shown in the
M(H) curves by abrupt changes of magnetization, which represent extrinsic
properties of the crystals [93, 117]. Their effects on M(T) can be avoided by
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measuring at high enough fields, at which M(H) is reversible, and there are no jumps
in the hysteresis loops. Because of that, all M(T) measurements were performed in
the high–field, reversible regime, to avoid extrinsic effects on the measurements
(i.e. effects of crystal defects). Typically, applied field H > 100 Oe was needed in
M(T) measurements to avoid domain wall jumps at all temperatures.

Figure 6.1. Magnetic hysteresis loops. (1) ErFeO3: (a) measured along the crystalline a–
axis, (b) measured along the crystalline c–axis. (2) NdFeO3: (c) measured along the
crystalline a–axis, (d) measured along the crystalline c–axis.
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6.3.1 Robust coupling between R3+ and Fe3+ ions
In RFeO3, Fe3+ spins are ordered antiferromagnetically, with an additional tilt that
gives a net ferromagnetic moment along the crystalline c-axis at room temperature.
Rare earth ions are not ordered, but they are polarized by the ordered iron ions. R3+
ions have on average a small net magnetic moment (M) in the direction opposite to
the net magnetic moment of Fe3+ for the two orthoferrite systems described in this
Chapter. On decreasing the temperature (T), the whole magnetic system undergoes
a spontaneous spin reorientation from the c- to the a-axis in the temperature range
of 88-100 K for ErFeO3 and 104-167 K for NdFeO3. As the rare earth ions are
polarized in the opposite direction to the molecular field of Fe ions, the total
moment along the a-axis starts to decrease below the spin reorientation transition.

Figure 6.2. Temperature dependence of the magnetic moment measured along the crystalline aaxis: (a) M-T curve for ErFeO3 single crystal, (b) M-T curve for NdFeO3 single crystal. Blue
and red arrows illustrate the direction and magnitude of the magnetic moment for Nd 3+ and
Fe3+, respectively.

With further cooling in the magnetic field along the a-axis for both samples, as
displayed in Figure 6.2(a) and (b), the polarization of the rare earth spin becomes
stronger, while the net moment of Fe3+ does not change much. When the magnetic
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moments of R3+ and Fe3+ are equal in absolute value and opposite in direction, the
compensation temperature (Tc) will be reached. Figure 6.2(a) shows a compensation
temperature Tc at around 44.12 K for ErFeO3, while Figure 6.2(b) displays the
compensation temperature Tc for NdFeO3 single crystal at around 6.83 K. On
cooling down, the R3+ moment will become larger than the moment of Fe3+,
resulting in a negative total magnetic moment. The spin-flip occurs abruptly as the
total negative magnetic moment increases in magnitude upon cooling, when the
interaction energy of the total magnetic moment with external field overcomes the
magnetic anisotropy energy in these orthoferrites. At the critical temperature Tj, the
net magnetic moment is large enough to cause a 180 spin-flip of the whole spin
system against the magnetic anisotropy, so that the large R3+ moment is now in the
same direction as the magnetic field. The Fe3+ moment, however, is now in the
direction opposite to the field. Magnetic domains do not occur in these fields. In
order to test the dynamics of these jumps, M(T) measurements with different slow
sweep rates (high data density) have been conducted on both samples. Figure 6.3(a,
b) shows the M-T curves for ErFeO3 and NdFeO3 in different sweep rate ranges (1
- 0.01 K/min) respectively. Figure 6.3(c, d) shows how the transition temperature
width (T) of the spin-flip changes linearly with the sweep rate of the temperature
for ErFeO3 and NdFeO3, respectively. T is relatively large for the sweep rate of 1
K/min because of finite rate of heat transfer out of the samples as they are cooled
down, resulting in small thermal inhomogeneity of the samples. With a very small
sweep rate of temperature, the samples were much more thermally homogeneous,
and a very small but still finite T is obtained (Figure 6.3).
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Figure 6.3. (a) M(T) curves with different sweep rates for ErFeO3; (b) M(T) curves with different
sweep rates for NdFeO3. (c) The temperature-width of the transition in Fig. 6.3(a) vs. sweep rate for
ErFeO3. (d) The temperature-width of the transition in Fig. 6.3(b) vs. sweep rate for NdFeO 3.

The value of T is approximately 0.01 and 0.003 for NdFeO3 and ErFeO3, at a
sweep rate of temperature of 0.01 K. The finite T would imply that the
magnetization in the spin-flip does not change abruptly, but gradually. Plotting the
measured points for sweep rate of 0.01 K/min against time, however, reveals quite
a different picture for NdFeO3 and ErFeO3 (Figure 6.4). There is only one data point
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in the spin-flip event for ErFeO3. Since the averaging time for measuring each data
point was 1 s, this data point represents an average over the second within which
the spin-flip process occurred. Therefore the spin-flip process for ErFeO3 is abrupt,
as shown in Figure 6.4(a). The magnetization reverses within one minute in the spin
flip process for NdFeO3, however, as shown in Figure 6.4(b). This is a quite
unexpected result that begs an explanation. The spin-flip temperature for NdFeO3
is much lower than that for ErFeO3, approaching the ordering temperature of Nd3+
spins. Chapter 5 shows that the interaction between the R3+ spins in RFeO3 persists
to temperatures way above the ordering temperature of R3+, up to about 15 K,
affecting the measured M(T).

Figure 6.4. Time-dependence of magnetic moment on cooling through the spin-flip
event, with the sweep rate of temperature 0.01 K/min for: a) ErFeO 3 b) NdFeO3.

It is likely that short-range ordering starts occurring between R3+ spins below 15 K,
but above the temperature of the long-range ordering. These short-range ordered
spins exhibit localized magnetic anisotropy, which locally impedes the flipping of
spins for NdFeO3. This would then explain the observed gradual flip of magnetic
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moment for NdFeO3, but not for ErFeO3 for which the spin-flip occurs far above
15 K. In principle, the gradual spin-flip process could also be explained through
inhomogeneities of NdFeO3 crystal. However, this inhomogeneities would then
also have to leave their signature on other magnetic features of NdFeO3, like
spontaneous spin reorientation. However, all measurements in this respect are in
agreement with literature reports, showing no evidence for existence of such
inhomogeneities.The degree of rare earth spin polarization could change as the
whole spin system is rotated during the spin-flip process, as this spin polarization
is partly in a metastable state. The metastability is observed through magnetic decay
and irreversibility effects in the magnetic moment when cycling the temperature,
field, or time (Chapter 7). The change in the spin polarization state of R3+ would
then be expected to result in an anomaly in M vs. T. Furthermore, the spins could
tilt gradually away from the easy axis of anisotropy on the approach to Tj from
above, because of the increasingly large net magnetic moment of R3+ that is in the
opposite direction to the field.

Figure 6.5. The temperature dependence of the magnetic moment differentiated vs.
temperature for both samples, (a) dM/dT vs. T for ErFeO3 single crystal (b) dM/dT vs. T for
NdFeO3 single crystal.
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To see in more detail if there is any magnetic anomaly near Tj, dM/dT vs. T has been
plotted in Figure 6.5(a) and (b) for both ErFeO3 and NdFeO3 respectively. The sweep
rate of temperature was 0.1 K/min. Adding the plot of -dM/dT vs. T reveals if dM/dT
vs. T follows the same form below and above Tj.
The results in Figure 6.5 show no change in dM/dT on crossing Tj, revealing no
anomaly, as expected from the irreversibility effects. Therefore, the mechanism for
the polarization of R3+ ions by the ordered Fe3+ ions is not affected in any way in the
spin-flip process because dM/dT remains the same. This indicates that the spin
systems of Fe3+ and R3+ ions are coupled strongly enough through the spin-flip
process so that they are not affected by the effects that lead to magnetic decay and
irreversibility of the R3+ system.

6.3.2 Temperature dependence of the magnetic moment of
R3+ ions (MR)
The spontaneous magnetic moment M(T) was measured for both ErFeO3 and
NdFeO3 single crystal samples with applied magnetic fields of 200 to 400 Oe along
the a-axis. Figure 6.5 shows magnetization measurements along a-axis in different
applied fields for ErFeO3 and the calculated magnetization of Er (MEr) using a nonmagnetic orthoferrite sample of YFeO3. Figure 6.6(a) displays the M(T) curves for
ErFeO3 and YFeO3 with applied field of 200-400 Oe along the a-axis and c-axis,
respectively, in the temperature range of 80-20 K. Both of M(T) curves were
extrapolated to zero field in order to minimize the effect of applied field on the
magnetization measurements. As was mentioned previously in Chapter 2, the Er3+
ions are not ordered until they reach low temperature, 4.6 K, although the Er3+ ions
could be polarized at high temperature in the opposite direction to the molecular
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field of Fe3+ ions. Therefore, the total moment along the a-axis starts to decrease
below the spin reorientation transition as a result of increasing the R3+ moment in
the opposite direction to the applied field H and the molecular field of Fe3+. In order
to calculate the magnetic moment of rare earth ions, the magnetisation of YFeO3
single crystal has been measured. Because Y3+ ion is non-magnetic, the results for
YFeO3 give only magnetic moment of its Fe3+ ions. The M(T) curves for YFeO3
along the c-axis are shown in Figure 6.6(a) with different applied fields (zero-400
Oe). Due to having a non-magnetic rare earth element, YFeO3 does not display the
R-Fe interaction that causes a spin reorientation transition, SRT [74]. Therefore the
M(T) curves for YFeO3 are almost constant over a wide temperature range, which
was mentioned in previous Chapters.
Therefore, the direction of magnetic moment for Fe3+ in YFeO3 is always in the
same direction as the applied field H. In contrast, the direction of the magnetic
moment for Fe3+ in ErFeO3 and NdFeO3 is in the same direction as the applied field
H at temperatures above Tj, and it is in the opposite direction below Tj. Therefore,
to eliminate the magnetic moment of Fe3+ from these measurements and obtain the
absolute value for the magnetic moment of R3+, the moment of RFeO3 should be
subtracted from that of YFeO3 above Tj. In contrast, the moment of (-YFeO3) should
be subtracted from that of RFeO3 below Tj, as is shown below :
M YFeO3 –M RFeO3 =MY(=0) + MFe(↑) –MR(↓) -MFe(↑) = -MR(↓) = MR(↑) above Tj
M RFeO3 –M (-YFeO3) = MR(↑) + MFe(↓) + MY(=0) + MFe(↑) = MR(↑) below Tj
…… (6.1)
The up- and down- arrows give the direction of the spins in regard to the external
field, i.e. the down-arrow signifies the values of the spins are negative in the
measurements. Thus, MFe(↓) + MFe(↑) = 0 and -MR(↓) = MR(↑) in this notation.
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MR values were corrected by taking into account the difference in the canting angle
(𝜑) for Fe3+ in YFeO3 and other orthoferrites. The canting angles for YFeO3,
ErFeO3, and NdFeO3 are 8.9, 8.1, and 8.5 mrad, respectively[32], and this
correction was small. Figure 6.6(b) presents the moment of Er3+ ions (MEr) after
subtracting the magnetic moment of Fe3+ ions.

Figure 6.6. Magnetic measurements for ErFeO3 single crystals. (a) ErFeO3 and YFeO3 in the
temperature range of 80 K -20 K with extrapolation to zero field. (b) The magnetization of Er 3+
ions. (c) Magnification of the magnetization of Er 3+ near Tj (d) The height of the Er3+
magnetization jump at Tj.
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Figure 6.6(c), displays an enlarged view of the moment of Er3+ ions near Tj. Above
Tj, the MEr is in the opposite direction to the applied magnetic field, while it is in
the same direction as the applied field below Tj.
This manifests the opposite arrangement of MEr for the different fields above and
below the Tj. A jump in MEr is observed at Tj, which indicates that the Er3+ became
further polarized during the spin-flip process. Figure 6.6(d) shows how the height
of the MEr jumps (MEr) changes with the applied field. The MEr exhibits a direct
proportionality with the applied field, becoming near zero with zero applied field,
0.0057 μB/f.u. Apparently, the presence of magnetic field during the spin-flip
process causes further polarization of Er3+ spins, resulting in a jump in MEr during
this spin-flip process. The temperature dependence of MEr, however, remains the
same through the spin-flip process (Figure 6.5). To discount the possibility that the
sample holder moment was responsible for this non-zero MEr, its value was
compared to the moment of the sample holder. It turned out that the sample holder
had over an order of magnitude smaller moment than MEr in zero field.

Figure

6.7(a) displays the M(T) curves for NdFeO3 and YFeO3 with applied field of 200400 Oe along the a-axis and the c-axis respectively, in the temperature range of
100-10 K. Both M(T) curves were extrapolated to zero field in order to minimize
the effect of applied field on the magnetisation measurements. Figure 6.7(b)
illustrates the moment of Nd3+ ions (MNd) after subtracting the magnetic moment of
Fe3+ ions using a non-magnetic rare earth sample of YFeO3. In addition, the M(T)
measurements on NdFeO3 and YFeO3 were performed at low temperature near Tj.
Figure 6.7(c) displays an enlargement of the moment of Nd3+ ions near Tj. Like MEr,
the MNd is in the opposite direction to an applied magnetic field above Tj, while it
is in the same direction as the applied field below Tj. Figure 6.7(d) shows the height
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of the MNd jumps with the applied field. The MNd shows a direct proportionality
with the applied field, with near zero value for zero applied field. This result is
qualitatively the same as for ErFeO3.

Figure 6.7. The magnetic measurement for NdFeO3 single crystals. (a) NdFeO3 and YFeO3 in the
temperature range of 100 K -10 K with extrapolation to zero field. (b) The magnetization of Nd 3+
ions. (c)

Enlargement of the magnetization of Nd 3+ near Tj. (d) The height of the Nd3+

magnetization.

To see in more detail if there is any magnetic anomaly of MR by itself near Tj,
(dMR/dT)/MR vs. T was plotted for both Er3+ and Nd3+ ions. Figure 6.8(a, b) shows
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the (dMEr/dT)/MEr vs. T and the (dMNd/dT)/MNd vs. T for different applied fields,
respectively. No change has been found in the dMR/dT above and below the Tj.
This is consistent with equivalent results obtained for total magnetic moments of
these orthoferrites (Figure 6.5). Therefore, the presence of magnetic field during
spin-flip process changes the degree of polarization of R3+ spins, but it does not
change the subsequent temperature dependence of MR. This is seen in Figure 6.5
(a), where there are jumps in the MR vs T during the spin-flip and the height of the
jumps is field dependent. This shows that the field acting on the spins during the
spin-flip process increases the polarization of rare earth moments. However, the
temperature dependence of MR does not change by the spin-flip process (Figure
6.5)). Therefore the same mechanism is still responsible for the polarization of
rare earth spins before and after the spin-flip.

Figure 6.8. (dMR/dT)/MR vs. T measurements along the a-axis with different applied
magnetic fields of 200-400 Oe. (a) dMEr/dT)/MEr vs. T, (b) dMNd/dT)/MNd vs. T. The
derivative diverges at spin-flip temperatures.
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6.3.3 Verification of theoretical models using the
experimental MR(T)
The obtained temperature dependence of MR can be used for verification of
theoretical models describing the interaction between Fe3+ and R3+ spins. The
validity of the use of the magnetic moment of Fe3+, as measured on YFeO3, to obtain
the magnetic moment of R3+ spins should be assessed first. For this purpose, the
temperature dependence of the magnetic moment of another rare earth orthoferrite
with non-magnetic R3+ would be useful, enabling cross-checking of the obtained
MR(T) when two different systems with non-magnetic R3+ are used. Unfortunately,
single crystals of RFeO3 with non-magnetic R3+ are difficult to obtain, and they
were not available in this PhD project. A literature search, however, produced a
report by White [74], which reported M(T) of LuFeO3 in the temperature range of
700-2 K in an unknown non-zero magnetic field. The Lu3+ ion in this system is nonmagnetic. The M(T) curves for LuFeO3 from White’s paper were digitised and data
points obtained in the required temperature range. Figure 6.9(a) displays the
spontaneous M(T) measurement (i.e. extrapolated to zero field) for ErFeO3 in the
temperature range of 80 K to 20 K. It also shows the M(T) curve for the nonmagnetic rare earth orthoferrite LuFeO3 in the same temperature range (in unknown
non-zero field). Figure 6.9(b) shows the spontaneous M(T) measurement for
NdFeO3 in the temperature range of 100 K to 10 K in zero magnetic field, together
with the M(T) of LuFeO3 in the same temperature range. The temperature
dependence of MEr and MNd were obtained using LuFeO3 in the same way as when
using YFeO3 to subtract the contribution of Fe3+ ions. A comparison between the
MR(T) curves for Er3+ and Nd3+ using YFeO3 and LuFeO3 is shown in Figure 6.9(c)
and (d). The small difference between the two curves in each figure is likely due
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to the unknown non-zero field that was used to measure the M(T) curve for LuFeO3,
while the magnetic moments of YFeO3, ErFeO3, and NdFeO3 were extrapolated to
zero field. Because the magnetic moment of LuFeO3 was measured in non-zero
field, it is larger than what it would be if it were possible to extrapolate it to zero
field.

Figure 6.9. (a) M(T) measurements of LuFeO3 and ErFeO3 at zero field (b) M(T) measurements
of LuFeO3 and NdFeO3 at zero field. (c) Finding MEr using YFeO3 at zero field and LuFeO3.(d)
Finding MNd using YFeO3 at zero field and LuFeO3.
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Subtracting this (too large) magnetic moment of LuFeO3 from the moments of
ErFeO3 and NdFeO3 resulted in smaller values of Er3+ and Nd3+ moments than those
obtained from the data with the YFeO3 moment extrapolated to zero field.
Nevertheless, the agreement between them is quite good (Figure 6.9(c) and (d)),
and it is substantially better at low temperatures.
At higher temperatures, thermal excitations “soften” the magnetic anisotropy
energy, making it easier for an external field to tilt the spins from their equilibrium
orientation. This results in larger disagreement between the MR(T) values obtained
from YFeO3 and LuFeO3 at a higher temperature, as observed in Figure 6.9. Now,
the MR(T) curves which were obtained using YFeO3 and LuFeO3 were fitted with
the recent theoretical temperature dependence of R3+ ions in RFeO3, obtained from
a mean field theory model by Zubov et al. [214], using the equation below:
𝑁

𝑀𝑅 (𝑓𝑖𝑡) = 𝑊 × tanh ( 𝑇 ) + C

(6.2)

Where W = gR /2, where gR is the g-factor for R, gEr = 1.2 [214], gNd = 2.3 [221], 𝑁
= sin 𝜑 ×

𝑆
𝛾𝑖 Ť

, where 𝜑 is the canting angle of Fe3+ spins (8.1 × 10-3 and 8.5 ×

10-3 rad for Er3+ and Nd3+, respectively), S is the spin of Fe3+ (5/2) [222], γi is the
anisotropy of R-Fe interactions, J12(0)/ Ĵi(0). Ť is the reduced temperature,

𝑇
2𝐽12 (0)

,

where J12(0) is the indirect exchange interaction between iron ions from the first
and second sublattice, and Ĵi(0) is the anisotropic exchange interaction between RFe. C is a constant that does not appear in the model, but it had to be added to the
fitting equation, since otherwise no good fit could be obtained.
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Figure 6.10. MR(T) measurements for both samples, together with fitting curves. (a) MR(T)
curves for ErFeO3 using YFeO3 and LuFeO3 with fitting curves. (b) MR(T) curves for NdFeO3
using YFeO3 and LuFeO3 with fitting curves.

All parameters used in the fitting of MR(T) are presented in Table 6.1, together with
ĴX(0) obtained through fitting, which represents the anisotropic exchange
interaction between R-Fe along the a-axis.
Figure 6.10(a) and (b) displays the MR(T) measurements for both single crystal
samples, ErFeO3 and NdFeO3 with fitting curves, respectively. Using Equation
(6.2), the fitting curves show a good agreement with the M(T) measurement curves,
both when using the moments of YFeO3 and LuFeO3 as the moment of Fe3+ spins.
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The values of the fitting parameter N obtained through the fitting with Equation
(6.2) in Figure 6.10(a) are 8.82 and 8.88 for the ErFeO3 sample using YFeO3 and
LuFeO3, respectively. Using the N value from the fitting curve, the value of ĴX (0),
can be calculated as: ĴX (0)= N / sin 8.1 × S. This gave the value for ĴX (0) of 441
K.
Table 6.1. Parameters used in the fitting of the magnetic moment for rare earth ions Er3+ and Nd3+

Parameter
g factors of Fe3+, Er3+,
and Nd3+

Nѐel temperature

Designation

Numerical values or range

gFe,

2

gEr,

1.2

gNd

2.3

TN

636 K for ErFeO3
687 K for NdFeO3

Anisotropic Fe3+- R3+
exchange interaction

ĴX(0)

441 K for ErFeO3

References
[58, 221]

[73, 112, 135,
223-225]
Fit

12.3 K for NdFeO3

Canting angle for Fe3+
sublattice

𝜑

Spin state

S

8.1 mrad for ErFeO3

[32]

8.5 mrad for NdFeO3
5/2 for Fe3+

[222, 226]

3/2 for Nd3+ and Er3+

The equivalent procedure for NdFeO3 gave N = 0.26 and 0.28 for the NdFeO3
sample using YFeO3 and LuFeO3, respectively. For the Fe3+-Nd3+ exchange
interaction, ĴX (0) obtained from this value of N is 12.3 K.
The model of Zubov et al. [214] gave a good fit to the experimental MR(T), although
the values of the fitting parameters obtained in this project are not in quantitative
agreement with what their paper reports for ErFeO3. One difficulty in this
comparison is that the model does not give direct analytical equations that would
connect the material parameters with the observables. Instead, they had to revert to
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numerical simulations using their equations, from which several values of Tj were
obtained for different values of the R-Fe anisotropy parameter, γx. The values of Tj
are normalized to the indirect exchange interaction energy, J12(0). A problem with
this is that J12(0) is not known, so that it is not possible to choose the correct value
of γx from the experimental value of Tj. J12(0) has to be obtained by assuming
certain material parameters, such as the Dzalozhinski-Moriya energy and the
exchange anisotropy between Fe3+ ions. To try to alleviate this issue, the curves
reported by Zubov et al. for different γx were each assumed to correspond to the
sample measured. Here, values of γx were calculated using a different equation, γx
= J12(0)/ ĴX (0), which includes the ĴX (0) obtained from the fitting, 441 K.
Agreement of the “assumed” γx and the γx obtained through fitting would indicate
that the experiment and the model can give consistent quantitative outcomes. Table
6.2 shows a comparison between the γx for which Zubov et al. obtained from
simulated Tj/2J12(0) and the γx obtained experimentally through the fitting of MR(T)
in this project.
Table 6.2. Values used to compare the experimental and simulated results for ErFeO3.
Assumed γx
Taken
from
simulated
cases given in
Zubov et al.

Tj/2J12(0)at
T=Tj, as
given by
Zubov et al.

Tj as measured
in this project

Calculated J12(0),
using 40.72K as
Tj in Tj/2J12(0),
column 2 of this
table

γx calculated as γx =
J12(0)/ ĴX (0), where
ĴX (0) was obtained
from fitting

0.5

0.608

40.72 K

33.48

0.0759

0.6

0.440

40.72 K

46.27

0.104

0.7

0.310

40.72 K

65.67

0.1489

0.9

0.180

40.72 K

113.11

0.256
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The values in Table 6.2 showed disagreement between the experimental and
simulated anisotropic Fe3+-Er3+ exchange interaction, γx (first and last columns in
Table 6.2). The most likely reason for this disagreement is that the simulations
performed by Zubov et al. [214] were obtained through arbitrarily chosen
parameters for the Dzyalozhinski-Moriya interaction and exchange anisotropy
between Fe3+ ions. These values probably do not match the real values in the
measured samples well enough.
Treves [32] studied rare earth orthoferrites using a paramagnetic model for the
magnetic contribution of rare earth ions, as polarized by the molecular field of the
ordered Fe3+ ions. This gave the total magnetic moment as:
M(t) = σ(0) × ϑ(t)(1 + d t -1) ,

(6.3)

where σ(0) is the iron contribution to the ferromagnetic moment at T = 0, t is a
reduced temperature, (T/ TN), ϑ(t) is the molecular field of Fe3+ ions, d is an
interaction parameter between the iron and rare-earth ions. They obtained good
fits to experimental M(t) for ErFeO3, TbFeO3, and GdFeO3 using Eq. (6.3), at
temperatures above 0.2 TN. Measurements in this project were performed at
temperatures below 0.15 TN. To check if the paramagnetic model also agrees with
the experiment at these temperatures, Eq. (6.4) was modified to make it suitable to
fitting the experimental MR(T):
M(t) = σ(0) × ϑ(t)+ σ(0) × ϑ(t)(d t -1)

(6.4)

MR(fitting)= MFe TN d / T = MYFO × TN d /T = ϼ MYFO × 1/T,

(6.5)

where ϼ is the fitting parameter = TN d
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Figure 6.11(a) and (b) displays the magnetic moments of the rare earth ions, Er3+
and Nd3+, respectively, at zero magnetic field with fitting curves using the
paramagnetic model for contribution of R3+ ions in field produced by Fe3+ (Eq.
(6.5)).

Figure 6.11. MR(T) measurements for both samples with paramagnetic model fitting curves.
(a) MR(T) curves for ErFeO3 using YFeO3. (b) MR T) curves for NdFeO3 using YFeO3.

The fitting curves using that model do not agree well with the MR(T) curves. On
adding an additional constant to the fit, however, the same as for the model of
Zubov et al. [214], a very good fit was obtained. This fit is as good as for the model
of Zubov et al. Therefore, it is not possible to distinguish which of the two models
represents the experimental MR(T) behaviour better, as the difference in MR(T) that
they predict is too small. The model of Zubov et al., however, reproduces the
physical phenomena such as spin flip quite well, whereas the paramagnetic model
cannot do that.
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6.4

Conclusion

The measurements on the single crystal samples confirm that the spin-flip process
happens abruptly and completely for the whole magnetic system if the spin-flip
temperature is far above the ordering temperature of R3+ spins (above ~ 15 K, as
implied from the results of Chapter 5). If the spin flip occurs at a temperature closer
to the long-range ordering temperature of R3+ spins, a gradual spin-flip process
occurs. The explanation for this was proposed in terms of short-range ordering of
R3+ spins above the long-range ordering temperature of R3+ spins, but below about
15 K. The ensuing inhomogeneous magnetic anisotropy would then impede the
rotation of magnetic moment, resulting in the observed gradual spin-flip process.
The presence of magnetic field during the spin-flip process results in an increased
polarization of rare earth spins in this process. The temperature dependence of the
rare earth moment does not change, however, despite this jump occurring in the
absolute value of the rare earth magnetic moment across the spin flip. This implies
that the polarization mechanisms of R3+ spins are not affected by the presence of
the field in the spin-flip process, despite the change in the degree of the polarization.
The temperature dependence of MR was obtained for Er3+ and Nd3+ in RFeO3,
by subtracting the magnetic moment of Fe3+. The magnetic moment of Fe3+ was
obtained from measurements of YFeO3 and LuFeO3, both of which have nonmagnetic rare earth ions. Thus, the obtained MR(T) values showed good agreement
with each other, considering that the moment of LuFeO3 was measured in an
unknown non-zero magnetic field. This validates the use of the MFe(T) from
measurements of RFeO3 with non-magnetic R3+ ions. Another cause for this
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difference may be different ionic radii of rare earths, however this cannot be
quantified using the accessible data. The MR(T) dependence was compared with the
predictions of two different models: a simple paramagnetic model and a more recent
model where the anisotropic exchange interaction between iron and the rare earth
is taken into account. Both models provide a good fit to the experimental MR(T),
and the difference in the MR(T) predicted by the two models is too small to allow
for a reliable distinction between them.
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Chapter 7
Overall Conclusions
7.1 General Summary
The results given in this thesis have covered a broad range of measurements,
focused on the magnetic properties for different types of rare earth orthoferrites
single crystal samples. This magnetic properties investigation has revealed
fascinating details about the magnetic anisotropy interactions that give those single
crystals materials their unique properties. Despite being focused on fundamental
research, these types of materials may find their way into use as spintronic
materials, which are predicted to have applications in many aspects of everyday
life, such as smart spintronic devices. Even though this fundamental research does
not have a direct commercial application impact, it may, over the years, yield
improvements for modern society and form the basis for wide information networks
of the future.
Chapter 4 focused on non–zero magnetic moment along the b-axis, Mb, which is
contributed by Fe3+ ions at all temperatures for 4 types of rare earth orthoferrite
single crystals, NdFeO3, ErFeO3, HoFeO3, and YFeO3. In addition to having
magnetic phases that are already well–documented, Γ2 or Γ4, the representation
analysis of the space groups shows that non–zero Mb for an RFeO3 system implies
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a minute admixture of Γ3 to those phases. In Γ3 phase, both Fe3+ and R3+ spins have
a small ferromagnetic component along the crystalline b–axis, which is in the
opposite direction to the Fe3+ and R3+ spins for the samples measured. The spin
Hamiltonian of at least YFeO3 has to include the fourth or even higher order of
spins to describe the Γ3 phase. These measurements may look at odds with
numerous reports based solely on neutron techniques, reporting Mb = 0, but neutron
techniques lack the sensitivity to measure the small non–zero Mb reported here.
Furthermore, this Γ3 admixture makes only a very minute addition to the already
well-established phases, without changing them in any way.
In Chapter 5, the thesis explains the magnetic properties of a doped rare earth
single crystal sample. Studying the doped sample can give more obvious details
about the Fe-R and R-R magnetic interactions. A special type of doped RFeO3 single
crystal with two magnetic R3+ ions, Dy0.5Pr0.5FeO3, was measured in combination
with DyFeO3 and PrFeO3, in order to study the R3+ -R3+ magnetic interactions in
Dy0.5Pr0.5FeO3 and their effects on its magnetic structure. At low temperature, the
results show a quite strong interaction between Dy3+ and Pr3+ spins, which has the
most significant effect on the magnetic moment of Dy0.5Pr0.5FeO3 below the
ordering temperature of Dy3+ spins (i.e. below 5 K). The measurements at low
temperature could not distinguish if the Pr3+ spins were also ordered at these low
temperatures. Above the ordering temperature of Dy3+, the magnetic moment was
still affected by the interaction between Pr3+ and Dy3+. Below ~10 K, the magnetic
moment along the crystalline a- and b-axes was found to increase significantly with
cooling in small magnetic fields. Considering the symmetry considerations for that
system, the increase in the magnetic moment at low temperatures cannot be due to
a spontaneous property of these crystals. It most likely occurs through polarization
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of the rare earth spins by an external magnetic field. When a strong magnetic field
is applied along the crystalline a-axis for Dy0.5Pr0.5FeO3, a transition between
magnetic phases will be induced. This transition occurs at high fields, in the range
of 3.3-5 T at temperatures of 2-14 K, and is not related to a long-range ordering of
rare earth spins, although the short-range interactions of Dy3+ and Pr3+ spins are
important for this type of transition. These interactions also explain the difference
in the low-field magnetic moment of Dy0.5Pr0.5FeO3 as compared to DyFeO3 and
PrFeO3.
Although PrFeO3 does not display such a transition, DyFeO3 and Dy0.5Pr0.5FeO3
show a different field-induced transition with field applied along the a-axis. The
field-induced transition for DyFeO3 corresponds to a Γ5 to Γ2 change in the Dy3+
spins, and it occurs only below the ordering temperature of Dy3+ spins.
Measurements of Dy0.5Pr0.5FeO3 reveal, however, that the transition in the rare earth
spins is not necessarily from their Γ5 phase, but from Γ1, Γ5, Γ6, Γ7, or Γ8 phases.
Furthermore, the field-induced transition in Dy0.5Pr0.5FeO3 occurs above the longrange ordering temperature of the rare earth spins, as a result of the short-range
interactions between Dy3+and Pr3+ spins, while Fe3+ spins do not contribute to the
high-field spin transition. To obtain definite proof of the spin transitions described
here, a neutron diffraction study should be performed in the future. Due to high
neutron absorption by Dy3+ ions, however, and absence of long-range order
between Dy3+ or Pr3+ spins, the neutron diffraction techniques would not be a
straightforward measurement to study the spin transition in this crystal. Therefore,
proving the polarization of R3+ for these samples with neutron techniques would be
a very challenging task.
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Chapter 6 studies the effect of magnetic moment reversal in external field against
the magnetic anisotropy in ErFeO3 and NdFeO3 crystals through the spin-flip
process. M(T) measurements on the single crystal samples ErFeO3 and NdFeO3
confirmed that the spin-flip process takes place differently depending on the sample
temperature. Firstly, it could happen abruptly and completely for the whole
magnetic system if the spin-flip temperature is far above the ordering temperature
of R3+ spins (above ~ 15 K, as shown from the results of Chapter 5), as observed
for ErFeO3. Secondly, a gradual spin-flip process occurs when the spin-flip starts
at a temperature closer to the long-range ordering temperature of R3+ spins. The
short-range ordering of R3+ spins, which occurs above the long-range ordering
temperature of R3+ spins, but below about 15 K, could explain the reason for the
gradual spin flip. This is consistent with the field-induced transition of R3+ spins
above the long-range ordering temperature of R3+, as described in Chapter 5. The
gradual spin-flip process probably results from impedance of the magnetic moment
rotation due to the inhomogeneous magnetic anisotropy associated with short-range
ordering of R3+ spins. The polarization of rare earth spins can be increased in the
spin-flip process by applying an external magnetic field. Nevertheless, the
temperature dependence of the rare earth moment does not change, despite this
jump that occurs in the absolute value of the rare earth magnetic moment across the
spin-flip. This implies that the polarization mechanisms of R3+ spins are not affected
by the presence of the field in the spin-flip process, even though the field induces a
change in the degree of polarization during the spin-flip.
This Chapter also covers the temperature dependence of MR for Er3+ and Nd3+ in
RFeO3, by subtracting the magnetic moment of Fe3+. Measuring RFeO3 for nonmagnetic rare earth ions, such as YFeO3 and LuFeO3, helped in calculating the
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magnetic moment of Fe3+.The thus- obtained MR(T)’s showed good agreement with
each other. This validates the use of the MFe(T) obtained from measurements of
RFeO3 with non-magnetic R3+ ions. The predictions of two different models were
used for comparison with the MR(T) dependence: the simple paramagnetic model
[32] and a more recent model where the anisotropic exchange interaction between
iron and the rare earth is taken into account [214]. A good fit to the experimental
MR(T) was obtained with both models, with too small difference between the fits to
allow for a reliable distinction between the two models.

7.2 Future outlook
Several experiments were singled out during this thesis project that would reveal
interesting new features of these magnetic systems, but they could not be performed
within the limited time of the project. These are briefly outlined below.
A number of magnetic measurements were performed that gave interesting
reproducible results over a week or two, but they could not be reproduced fully after
a large magnetic field was applied. The time-dependence of the magnetic moment
was measured in a steady magnetic field for an ErFeO3 single crystal sample,
revealing that magnetic moment changed slightly in time, even though the domain
wall structure was eliminated by the elevated field. Thermal excitations, probably
of R3+ spins, were responsible for this. For a range of temperatures below the spin
reorientation temperature, however, the magnetic moment of the crystal was taking
on two discrete values with the passage of time (Figure 7.1). The incidence of points
measured at these two discrete values was changing with time, and it was also
temperature-dependent. After applying strong magnetic field, however, the
common type of single-level decay was obtained. Only after repeated cycling of the
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field with diminishing amplitude, was this double-level decay obtained again in
some rare cases, but it was different from what occurred earlier.

Figure 7.1 Time-dependence of the magnetic moment for ErFeO3 single crystal.

Measurements of magnetic AC susceptibility resulted in the imaginary
susceptibility being negative below the onset of spin reorientation for NdFeO3
single crystal sample (Figure 7.2). The imaginary susceptibility is proportional to
the losses associated with a cycle of magnetization, and negative imaginary
susceptibility would not make sense for a system of single magnetic species in the
sample. This is possible, however, with two magnetic species with opposite
magnetic moments, as in most of the RFeO3 systems measured here. There was a
strong frequency-dependence of this negative imaginary susceptibility. Careful
measurement of a paramagnetic Dy2O3 sample (which is highly resistive with no
eddy currents induced in it) and of an accurately machined high-purity copper
cylinder revealed that this negative susceptibility cannot be a consequence of
instrumental artefacts. Therefore, these measurements could be used to study the
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dynamics of the magnetic interactions between R3+ and Fe3+ spins. Unfortunately,
applying a large magnetic field (~ 1 T) made this negative imaginary susceptibility
disappear. Again, similar to the double-level decay, it occasionally re-appeared
after field cycling, but it was different from before.

Figure 7.2. Imaginary part of magnetic AC susceptibility for NdFeO3
single crystal.

A lot of effort was put into reproducing these two groups of measurements.
However, it seems there are some unknown parameters that were not under control
in these measurements and initial results could not be reproduced.
Much of this thesis deals with magnetic structures. The best way to directly verify
the magnetic structures implied by the magnetic measurements would be through
neutron techniques. All of the novel structures dealt with in this thesis, however,
consist of a very minor admixture to the main structures, of very small magnetic
moments, or of states not exhibiting long-range magnetic order. Additionally, some
of the crystals contained nuclei that strongly absorb neutrons. All these are the
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reasons why the new findings reported in this thesis have not been observed before.
They would require developing specialised neutron techniques that would allow
sensitivity not found in the standard techniques. This was not viable within the time
limit of this project, but would make a promising new research direction.
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